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PREFACE TO FIRST EDITION. 



The object of this book is to give in a small volume what I 
believe, as the result of years of practical experience, engineers 
and students of engineering want to know about steam turbines. 
It is intended that it shall be a manual for the practical engineer 
who is designing, operating, or manufacturing steam turbines 
rather than a compilation of manufacturers' catalogs combined 
with a digest of standard books on thermodynamics and 
mechanics. 

In a general way the author has tried to explain briefly and 

directly some of the more important problems about which the 

qualified steam engineer must have some knowledge. When this 

book was first planned it was intended primarily for the use of the 

-^ author's assistants in the ^qx^rimciitaL and Jesjfng departments 

^^ of one of the large manufacturing companies, but' later it seemed 

that it might be useful in a largeX feJcL, ; . 

^ The order in developing th§ sijl^'ect js the reverse of that adopted 

^by most authors. Instead of .dJsjr.uj^sjjng flic intricacies of blading 

^^ in the beginning of the book, the more simple problems of nozzle 

^ design are presented first. A great deal more is now known about 

^ nozzles than there was even very few years ago, and many of the 

^ conditions affecting the efficiency of nozzles may now be considered 

* r well established. Nozzles are also becoming a more important 

>^ part of all types of turbines. Even the Parsons turbine is now 

\ being modified in America and England so that in many of the 

^^ latest designs for large sizes, nozzles are used in the high-pressure 

^ stages. It is coming to be generally recognized that in the future 

yj51 there will probably be no large installations of reciprocating 

^ engines for electric services. A few years ago this might have 

V been considered a bold statement, but it is a fact which is now 

I 



iv PREFACE 

generally, although reluctantly, admitted by manufacturers of 
reciprocating engines. 

The entropy-total heat chart in the back of the book is laid out 
with lines of constant superheat instead of lines of constant tem- 
perature which have been generally used for charts of this kind. 
For practical engineering work it is very desirable to have lines 
of constant superheat on such charts, because in America and 
England guarantees of steam constmiption are usually given in 
degrees of superheat rather than of temperature. When charts 
made with constant-temperature lines are used, it is always neces* 
sary to calculate the temperature before the chart can be used. 

Most of the graduates of our American technical schools are 
entirely ''at sea'' with the simplest heat calculations^ and one of 
the reasons for this deficiency is that most of the books on steam 
engines — and especially those on the steam turbine — are more 
devoted to giving a large quantity of facts than to fulfilling a useful 
pur|x>se. Practical engineers who have had to deal with largt 
numbers of men with an engineering training agree most candidly 
with Dr. Steinmetz when hp ^a^s iq sjL^b§tance that it seems to cause 
no concern in soh^froCotir {argeHtchoo/scl schools that the graduates 
are sent out loaded \yitK a mafts of«half-understood and undigested 
suhji'cts, while ihcy aj-Jbldrfitjrht'Wth in the understanding of the 
fundamental princJ^^)^!^ Jinld cftjtJJJJaMIity to think. If this volume 
can siTvc the pur|X)9e-6f *eficcwigmg students to think it will 
have accomplished one of its principal purposes, not losing sight 
of the fact that the book is intended primarily to show how to 
do things. 

Xearly all the proof-reading has been done by Professor John F. 
Pelly of Philadelphia. Because of Professor Pelly's thoroughly 
practical as well as theoretical knowledge of the subject matter, his 
conscientious and ])ainstaking work is very greatly appreciated. 

T take this op|X)rtunity to thank Professor Ira N. Hollis and 
Professor F. Lowell Kennedy of Cambridge for the criticisms and 
suggestions which T received from them when the manuscript of 
this b(K)k was preparing. T am also greatly indebted to Mr. Walter 
C. Kerr, president, and Mr. Sidney E. Junkins, vice-president of 



PREFACE V 

Westinghouse, Church, Kerr & Company, for their encouragement 
and for making it possible to finish the book at this time. 

For placing at my disposal a great deal of information regarding 
the latest results in steam turbine engineering, which is usually 
very difficult to obtain, I am particularly indebted to Mr. Richard 
H. Rice of Lynn, and Mr. J. R. Bibbins of Pittsburg. 

I wish to thank Professor Arthur M. Greene of Troy and 
Mr. Albert Stritmatter of Cincinnati for suggestions relating to the 
subject matter. For various services in the preparation of this 
book, I should mention also Messrs. Francis Hodgkinson and 
Harold P. Childs of the Westinghouse Machine Company; C. P. 
Crissey, S. A. Moss, and W. E. Culbertson of the General Electric 
Company; C. P. Chasteney of the De Laval Steam Turbine 
Company; James Wilkinson, president of the Wilkinson Turbine 
Company; St. John Chilton of the Allis-Chalmers Company; H. H. 
Wait of the Western Electric Company; Carl S. Dow of the B. F, 
Sturtevant Company; and J. Clarence Moyer of Philadelphia. 

Many of the illustrations for the book have been provided, in 
some cases at considerable expense to themselves, by the Cassier 
Magazine Company, Westinghouse Machine Company, General 
Electric Company, De Laval Steam Turbine Company, Rateau 
Turbine Company, Kerr Turbine Company, Wilkinson Turbine 
Company, Allis-Chalmers Company, C. H. Parsons & Co., and 
Brown, Boveri & Co. 

Throughout the text important words and sentences are brought 
out by the use of bold-faced type, thus making the subjects of a 
paragraph visible at a glance. 

The author is always glad to answer correspondence with 
teachers relating to questions which inevitably arise in the discussion 
of designs for steam turbines, all of which cannot, of course, be 
taken up in detail in any book. 

JAMES AMBROSE MOYER. 

417 West ii8th St., New York, 
September f 1908. 
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SiN'CE the issuance of the first edition, scientific investigation 
has not added much to our previous knowledge of the proper- 
ties of steam, nor have the new types invented in the interval 
become commercially successful. In fact the trend of things 
has been rather toward the general adoption of one of four 
t^pes of steam turbines: (i) a single turbine wheel of the im- 
pulse type; (2) impulse wheels with two velocity stages in 
each pressure stage; (3) drum construction with " reaction " 
blading; and (4) a combination of (2) and (3) called a combined 
impulse and reaction type. Discoveries like that of Tesla's, claim- 
ing to have made possible very great simplification of turbine 
construction with unheard of improvements in economy, have 
at times attracted the attention of engineers, but always with 
the final result that the claims have not been made good. 

The really important developments of the last few years have 
been in the construction of increasingly large sizes. The largest 
turbine-generator now ready for installation is rated at 35,000 
kilowatts, which is to be compared with a maximimi size of 
14,000 kilowatts of only three years ago. Certainly these are 
the days typical of the concentration of power in large units, 
not only in the turbine and generator room, but also in the boiler 
room, in the condenser pit, and in the installation of the other 
plant auxiliaries. Extremely large sizes are being installed be- 
cause they effect a substantial reduction in the unit cost of 
jMDwer generation. In spite of the general increase in the cost 
of raw and manufactured materials in the last five years, the 
application of steam turbines in power plants in the place of 
reciprocating engines has reduced the total first cost of large 
first-class power plants from $120 per kilowatt of rated capacity, 

• • 
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viii PREFACE TO SECOND EDmON 

which was a fair average value five years ago, to neaiiy f6o 
to-day. 

In these times when there is such general rfiiy^fffffj^m of ood- 
servation and efficiency, the low-pressure steam turfaiiie takes 
an important place, because of its innumerable appUcatioiis for 
preventing the wasting of any steam to the atmoq>here. In 
nearly every large central station hundreds of pounds of steam 
exhausted from the auxiliaries at atmoq>heric pressure in excess 
of that required in the heaters for heating the feed is lost throiii^ 
the exhaust-heads. Modem methods of turbine aj^pUcatian 
would save and utilize this steam for power. In the most 
modem practice, therefore, the greatest skill of the engin^^r is 
called upon more in connection with the methods of applyiiig 
the commercial types of turbines already developed rather than 
in the actual designing of new types of machines. In steam 
engine designing there have been alwa}rs unlimited possibilities; 
in steam turbine designing these are few. 

Most of the additions made in this edition have been, there- 
fore, mainly in the line of new applications. The chapter on 
low-pressure turbines has been rewritten and very much extended 
to include the latest developments and applications. This 
chapter should be unusually interesting to all engineers and 
students. New chapters have been added on Bleeder or Ex- 
traction Turbines and Mixed Pressure Turbines. Both mark 
recent successful developments in turbine applications, niaking 
it a still more important competitor of the reciprocating engine 
in the non-condensing field. The chapters on Heat Theory, 
Steam Flow, Nozzle Design, Blade Design and Reaction Tur- 
bine Design have been rewritten with the addition throughout 
the text of many illustrative examples and the inclusion in an 
appendix of a large number of practical exercises and problems 
to illustrate important principles, thus making the book con- 
siderably more ser\-iceable than before as a class-room text. 
For these exercises the data are selected in most cases so as to 
simplify the calculations and to avoid taking too*much of the 
time of the student or reader with purely numerical work. A 
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new entropy-total heat chart has been calculated and engraved, 
which embodies the most recent and reliable data on the prop- 
erties of superheated and saturated steam. 

In the preparation of this edition I am particularly indebted 
to Professor J. E. Enswiler of the University of Michigan and 
Professor J. P. Calderwood of The Pennsylvania State College 
for innumerable suggestions. 

Many important suggestions and criticisms have been re- 
ceived from Professor J. V. Ludy, Purdue University; Professor 
E. A. Fessenden, University of Missouri; Mr. M. Nusim, Gen- 
eral Electric Company, Lynn, Mass.; Mr. C. P. Crissly, Henry 
Worthington Co., New York; Mr. C. P. Chasteney, De Laval 
Steam Turbine Co.; and Mr. N. C. Miller of The Pennsylvania 
State College. 

Finally, important mention must be made of assistance in this 
work received from Mr. H. T. Herr, Vice-President and General 
Manager of the Westinghouse Machine Co.; Mr. Francis Hodg- 
kinson of the same company; Messrs. Richard H. Rice and 
Chas. K. West of the General Electric Company; Dr. E. J. 
Berg of Union College; Mr. Alfred Rigling of The Franklin 
Institute; and The Eledric Journal. 

THE AUTHOR. 

State College, Pa., 
January i, 19 14. 
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THE STEAM TURBINE 



CHAPTER I. 

INTRODUCTION. 

The steam turbine is the most modem as well as the most 
ancient steam motor. Recently its development has gone by 
leaps and bounds; and, above all, in its applications it is gaining 
ground daily. Doubtless it is to be the most important prime 
mover of the near future. 

During recent years results have been secured with steam tur- 
bines that only a short time ago were considered practically unat- 
tainable. Primarily their great success lies in their adaptability 
to operation with high vacuums. Steam turbines are, therefore, 
almost ideally suitable for the conditions of modem engineering 
practice requiring both high vacuums* and high superheats. 
To-day in the economical use of steam they are unrivaled; and, 
because of improved manufacturing methods, marking the tran- 
sition from the experimental to the commercial stage, first cost 
is no longer a deciding factor favoring reciprocating engines. 

Compared with reciprocating steam and gas engines, steam 
turbines require much smaller and cheaper foundations, occupy 
less floor space, require fewer attendants, and because no lubrica- 
tion is required for any parts in contact with the steam, the con- 
densation becomes directly available for feed water. The highest 
superheats can be employed without affecting the choice of lubri- 
cants, and the cost of oil for lubrication is very low. 

A steam turbine of the simplest type is essentially a wheel 
similar to an ordinary water wheel, which is moved around by 
a steam jet impinging on its blades. Steam is directed against 
the turbine wheel by nozzles or similar passages delivering the 

* The (jucstion of the most profitable vacuum for given conditions is discussed 

on pages 27^^ to 281. 
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Fio. 1. — A Small Modern Sleam TuiWne vrilh Part of ihe Casting Removed. 
Steam at mathematically exact angles, calculated to make the 
steam strike the blades of the wheel most advantageously. 

Fig. r is an illustration of a modem steam turbine with a part 
of the casing removed to show the construction. The turbine 




chest il is guided through one or more nozzles, from which it \ 
escapes at a high velocity to impinge on the blades on the circum- 
ference of the turbine wheel, which is thus made lo rotate, and 
performs work by moWng machiner>' connected to the shaft 
Nozzles from which the steam is discharged are located around 
the peripherj' o£ ihi- wlufl ;,s shown in Fig. 2 with their enlarj 
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4 THE STEAM TURBI.VK 

ends, technically called mouths, verj- close lo the blades.* 
after passing through the blades enters the exhaust 
(Fig. I ) and is discharged into the atmosphere or into a 
deiK-nding on whether the operation is non-condensing 
densing. 

Preliminary to the study of the modem commercial Ivpcs li' 
slcam turbines it is desirable to state brietly some of the mS 
im[Mmant stages through which this ven- ancient form of sloffl 
motor has passed in its development. 

Early History. The earliest notices of heat engines of an' 
kind arc found in a book by Hero of Alexandria, which wjt 
probably wrilien in the second century before Christ. In liji 
Ixtok nf mechanical contrivances a steam reaction wheel is men- 
tioned. This first steam turbine isshowj 
in Fig. 3. It is described as consiainn 
of a hollow spherical vessel pivold 
on a central axis and supplied with 
skam through the support M and oni; 
of the pivots trom a boiler, B, bcnealh. 
Steam escaped from the \'esscl ihrougb 
bent pijK's or nozzles H, N, facing tan- 
genlially in opposite directions. Tlw 
spherical vessel was revolved by the n~ 
action due to ihc escaping steam, just as 
a '■ Barker's mill " is moved by the water 
vw. V — Hero's Tuiliine. escaping from Its arms. Any fluid escap- 
ing under pressure from a vessel which 
is itvv to move causes a "reaction" lending to displace the vessel 
in the op|io«lc direction from the flow of the fluid. This reaction 
although imjjerfectly understood by Hero, was perfectly applied 
in his steam turbine which was used to open the doors of 
lempleft. Only a few years ago a model of Hero's engine was 
constructed by a celebrated English engineer,+ with, of couiw, 




• In this figure oni 
ilinjic on llir ituMr, ni 



huwlhc Bh«|w 111 iV hlmlM a: 



iif the nnjixlcs is reptEsenLed as if trans[iflrcnt ti 
1 H put of Ihc steel bnn'l around llie blades is ru 



show its 
away lo 



lo Htro's lo rotate reaming and burnishing tools, but from 
time of Hero dowo to the seventeenth century there is no 
rd of progress in the development of steam heat engines. In 
i Branca, an Italian architect, designed a steam turbine 
. 4) resembling a water wheel, which was driven by ihe 
ulse from a jel of steam directed by means of a nozzle upon 
ible vanes attached lo the 
el. Branca's turbine en- 
, however, was not success- 

and until the end of ihc 
:teenth century, although in 
intcnal many steam lur- 
:s and other rotary engines 
; [latented, the piston or 
procating steam engine, 
er the leadership of Wall, 
, commercially, an unrestricted field and remarkable results 
! accomplished. 

is interesting lo observe that the modem type of impulse 
■ine with a single row of blades like the one illustrated in 

I is practically the same, except for details, as the historic 
nca's wheel. The principal difference is that Branca's wheel 

not enclosed in a casing. Essential purls — the nozzle, 
blades, the wheel, and the shaft — were praclicaily ihe same 
n some modem machines. Probably if Branca had under- 
d the laws of the expansion of steam as we do liwiav, he could 




Fig. 4- — - Biaiica's TurWne. 
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--. :he 5team consumption^-- 
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n to the devclopmer;. .: 
*.:irkably successful. A:.-.: 
:■- irr:: ;:lse turbine which * 
^;-:- F:gs. S2 to 86.) T-:- 
:oss:b:liiies of lx)ih Hcnr 
: :o adopt the hitter, kf;: 

■:• v.ork, which, in ma:. 
-hr.:cr.:s of to-dav. 

*:-.r.Cv':2on. that no engir.ct: 

cause his investigatio:? 

■"> ".v^ txi Sling tyj)es. Ir.- 

: :. r :»n>ducinsx the fir?: 

. M.- r.y of the feature^ o: 

...v-: :n no small mear- 

> ^": .'.".vi '.hornuulynamics 

.- ..-.'. "-rlxing nianv of the 
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•.V : Do Laval, however, 
.- ■.-C'vv: ^^ i^peraie Ijy the 
■. ..- ".v*. cM-n up. Almost 

. V*. A. r.ir>ons in England 
N - •' :y. u'v.vli it>-day hears 

-- \ /v brilliant records of 
. >>;. I i- i:icai iuvrnior took 

• .. ii- K'i \\]\u\\ h.is iiilUicnced 
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ding lor clhcient lubncalion contnbutea vcn^ largciy lo nis 
?ss. Manv of the details of this carlv turbine arc now obso- 
so that only a very short description will be given here. A 
)n drawing of Parsons' first turbine is shown in Fig. 5. A 
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Fig. 5. — Early Parsons Steam Turbine. 

? central collar, C, is attached to the main shaft, S, which runs 
length of the turbine. At the ends of the casing where the 
t passes through it the cross-section is reduced. The main 
t, S, supports a large number of rings which are held in place 
een the collar, C, and the nuts, N, which are screwed on the 
ced section of the shaft at the ends. These rings, around 
• circumferences, supix)rt those turbine blades (b, b) which 
c with the shaft. There are, however, alternating with them, 
r rows of blades (c, c) attached to the inside of the turbine 
ig. Technically the blades b, b arc called moving blades^ 
c, c are called fixed or stationary blades. Steam is admitted 
le turbine blades through the annular chamber, A, encircling 
:ollar. C. and then it nasses to the ric^ht and left throiicrh the 



THE STEAM TURBINE 



ends, technically called mouths, verj- close to the blades.* Steam 
after passing through the blades enters the exhaust pipe at E 
(Fig. I ) and is discharged into the atmosphere or into a condenser, 
depending on whether the operation is non-condensing or con- 
densing. 

Preliminary to the study of the modem commercial types of 
steam turbines it is desirable to stale briefly some of the most 
important stages through which this very ancient form of steam 
minor has passed in its development. 

Early History. The earliest notices of heat en^nes of any 
kind are found in a booli by Hero of Alexandria, which was 
probably written in the second century before Christ, Ln this 
book of mechanical contrivances a steam reaction wheel is men- 
tioned. This first steam turbine is shown 
'"t'»^ in Fig. 3. Il is described as consisting 

of a hollow spherical vessel ])i\-oted 
on a central axis and supplied with 
steam through the support M and one 
of ihe pivots from a boiler, B, beneath. 
Steam escaped from the vessel through 
bent pipes or nozzles N, H, facing tan- 
gcntially in opposite directions. The 
spherical vessel was revolved by the re- 
action due to the escaping steam, just as 
a ■■ Barker's mill " is moved by the water 
vu-.. 1. — Hero's Turbine, escaping from its arms. Any fluid escap- 
ing under pressure from a vessel which 
is free to move causes a " reaction " tending lo displace the vessel 
in Ihe opposite direction from the flow of the fluid. This reaction, 
although imperfectly understood by Hero, was perfectly applied 
in his steam turbine which was used to open the doors of 
temples. Only a few years ago a model of Hero's engine was 
constructed by a celebrated English engineer,'!' with, of course, 

• In this figure one of the nozzles is reprcscnlcl as if Iranspurcnt to show its 
shitiK oil Ihe inside, and a part of (he sleel band around the lilades is cul aw*y lo 
show the shnpe of Ihe blades or ^'anes, as uell as to illustrate the passage of steam 
from the nozzle into and through the blades. 

I Sec page 8. 
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all the ad\'antagc3 of modem machine tools. and appliances, 
wiih the result that an engine was produced which, in economy, 
compared well with our elaborate and complicated modem 
engines. 

In 1577 a German mechanician, it is said, used a turbine simi- 
lar to Hero's to rotate reaming and burnishing tools, but from 
the time of Hero down to the seventeenth century there is no 
record of progress in the development of steam heat engines. In 
1629 Branca, an Italian architect, designed a steam turbine 
(Fig. 4) resembling a water wheel, which was driven by the 
impulse from a jet of steam directed by means of a nozzle upon 
suitable vanes attached to the 
wheel. Branca's turbine en- 
gine, however, was not success- 
ful; and until the end of the 
nineteenth century, although in 
the interval many steam tur- 
bines and other rotar\' engines 
were patented, the piston or 
reciprocating steam engine, Fig.4. -Bimiica'sTnrbine. 

under the leadership of Watt, 

had, commercially, an unrestricted field and remarkable results 
were accomplished. 

It is interesting to observe that the modem type of impulse 
turbine with a single row of blades like the one illustrated in 
Fig. I is practically the same, except for details, as the historic 
Branca's wheel. The principal difference is that Branca's wheel 
was not enclosed in a casing. Essential parts — the nozzle, 
the blades, the wheel, and the shaft — were practically the same 
as in some modem machines. Probably if Branca had under- 
stood the laws of the e.\pansion of steam as we do to-day, he could 
have made a successful prime mover of his turbine. Those who 
came after him were aided not only by a superior knowledge 
but also by the opportunities for scientific investigation and the 
skill of our present-day workshops. 

De Laval Type. Dr. Gustaf De Laval, a Swedish scientist, was 
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a pioneer in the. modem commercial development of steam tur- 
bines. In 1882 he constructed his first steam turbine, which was 
similar in principle to Hero's reaction engine. De Laval's first 
turbine was designed primarily for driving his milk and cream 
separators, for which there was then a large sale. For other 
purposes, however, there was no general application, because at 
the very high speeds for which they were designed, it was diflScult 
to utilize the power; and besides, the steam consumption was 
practically prohibitive. 

Liater De Laval turned his attention to the development of 
Bxanca's steam turbine, and was remarkably successful. After 
much experimenting, he developed an impulse turbine which is 
still one of the standard makes. (See Figs. 82 to 86.) This 
great engineer, after investigating the possibilities of both Hero's 
and Branca's types and having decided to adopt the latter, began 
then some strikingly original inventive work, which, in many 
respects, led the way for the accomplishments of to-day. 

It should be stated, however, in this connection, that no engineer 
thinks of belittling De Laval's work because his investigations 
were mostly in the line of improvements to existing types. Un- 
questionably he must have the credit for producing the first 
commercially successful steam turbine. Many of the features of 
his original designs have actually contributed in no small meas- 
ure to our knowledge of machine design and thermodynamics, 
and have become fundamental principles underlying many of the 
most important modem steam turbine developments.* 

Parsons Type. With the early work of De Laval, however, 
the development of steam turbines designed to operate by the 
reaction principle of Hero's engine was not given up. Almost 
contemporaneously with De Laval, C. A. Parsons in England 
began the development of the well-known type which to-day bears 
his name, and which has made possible the brilliant records of 
turl^nc ocean steamers. In April, 1884, this great inventor took 

* The most inij>orlant ftatuR' introduced by De Laval is that of the diverging 
nozzle (Hriii>h Patent No. 7143 of 1889), the principle of which has influenced 
the devel<)j)nient of pradically all ty[)cs of steam turbines. 
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out his first patents on steam turbines. The practicabiUty of the 
steam turbine he then proposed is a striking feature of even hLs 
first patents. His specifications showed, above all, that a great 
deal of time and thought had been devoted to constructive details. 
Methods for reducing vibration, preventing leakage of steam, and 
providing for efficient lubrication contributed very largely to his 
success. Many of the details of this early turbine are now obso- 
lete, so that only a very short description will be given here. A 
section drawing of Parsons' first turbine is shown in Fig. 5. A 
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Fig. 5. — Early Parsons Steam Turbine. 



large central collar, C, is attached to the main shaft, S, which runs 
the length of the turbine. At the ends of the casing where the 
shaft passes through it the cross-section is reduced. The main 
shaft, S, supports a large number of rings which are held in place 
between the collar, C, and the nuts, N, which are screwed on the 
reduced section of the shaft at the ends. These rings, around 
their circumferences, supi)ort those turbine blades (b, b) which 
move with the shaft. There are, however, alternating with them, 
other rows of blades (c, c) attached to the inside of the tur])ine 
casing. Technically the blades b, b arc called moving blades, 
and c, c are called fixed or stationary blades. Steam is admitted 
to the turbine blades through the annular chamber. A, encircling 
the collar, C, and then it passes to the right and left through the 
alternate rows of stationary and moving blades to the exhaust 
passages E, E — one at each end of the turbine. The steam 
expands in the blades as in a nozzle, and its reaction moves the 
blades attached to the shaft, just as Hero's turbine was rotated 
by the steam escaping from its arms. 



8 rtlK SltAM ri'RDINE 

H\ ilu' '\U»ul>lo-:Knv " ami^^-run: in chi> design by which the 
xivMut is jM»nl fn>iit I ho *.vn:er to :ho exhaust at both ends there 
uiii be M-n li'ili' axial i:iri>i on '.he shaft. Anv thrust that 
diK-xiKiiir. Iu»\\i'\i'i. is balanreo. ■>) ri^^ i.»ressurc of the exhaust 
stiMiu ill 1 l>f vha:iibe!"s E, E a: :'h' cno!- <^f '.lie easing. A slight 
iiii>\inu'ni \»l i!u- ^IkiiI :iu\arii vl'ier e'i«i c'leek- the llow of the 
iaIkiunI xUani and iiurvaM-N :nv !»ark ;Tc^<i:re at that end. This 
iiu i\MM'd ;»i\'xs'.!ir ;']v-n m>o\v^ v^c <'m!*: ^aek t»> its normal 

I -luallx ii i-x ni»i jH»>^i!»lv 'v* 'Mlaiue i;h- :Mr:s of a rotating mass 
lo make ii*. c«ut«i' of j>tavity voiiuide e\a».:ly with the geometric 
W«ikti)i .iIkuiI whuh ii ivNobe^. Iv any maehine Hke a steam 
IiuImiu', when ihe^^e I wo ^eruer^ do :u't coincide excessive vibra- 
liol^^ ol the shatl aie jMiHliued ulu.'n at certain spee<l> * are 
xUfhvieni lo l»ieak ii. I'o v»\ercvMnv' thi< ditVicultv, Parsons in- 
>;cinoiinl\ .dU»wed a hide lateral pla\ , or ** elasticity/* as he called 
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square inch steam pressure and 27 inches of vacuum, gave an 
output of 20 horsepower at 5,000 revolutions per minute. Steam 
consumption was only 40 pounds per brake horsepower ])er 
hour, w^hich was indeed a remarkably good result for that time. 

Screw Type, Still another kind of turbine, of only historical 
interest, should be mentioned. A large number of inventors have 
worked on the development of a screw type like Fig. 6. Hewitt 
worked for a long time on a turbine of this kind, and finally con- 
cluded the results were not satisfactory. Steam was admitted to 
this turbine through the chamber A, and passed through holes in 
the plates P, P into the helical grooves on the shaft. In these 
grooves the steam was expanded and then escaped to the exhaust 
pipes E, E at the two ends. Effective action of the steam was 
probably obtained only in the first part of the grooves; and after 
being deflected into a helical course, it rushed through to the 
exhaust without much additional effect in moving the shaft. 
Excessive leakage of ste'am between the helical threads and the 
casing was another serious difficulty. 

Recently a somewhat similar arrangement having two " screw 
wheels " meshing together not unlike spiral or helical gears has 
been successfully developed by the Buffalo Forge Company 
(see Figs. 157 and 158, page 217a). 



CHAPTER 11. 

THE ELEMENTARY THEORY OF HEAT. 

Note. — This short chapter may well be omitted, in reading, by those wHo are 
familiar with the thermodynamics of heat engines and with the use of entropy 
diagrams. It is intended primarily for practical engineers, who v^ill find it par- 
ticularly valuable for reference purposes, as the subject matter is completely 
indexed. 

Technically the steam turbine must be regarded as a heat 
engine, that is, a machine in which heat is employed to do mechan- 
ical work. From the viewpoint of the practical man its function, ' 
the same as that of any other heat motor, is tot secure as much 
work as possible from a given amount of steam, or, going a step 
farther back, from the combustion of a given amoimt of fuel. 
Heat theory is, therefore, of first importance. 

Heat is a form of energy like electrical, chemical, mechanical, 
potential, and kinetic. No doubt exists about the equivalence 
of the different forms of energy and their close relation to each 
other. Each, at will, can be changed into any of the other forms. 

The relative amount of heat in a body is obsen^ed, in common 
experience, by the sense of touch — whether the body is a solid, 
a liquid, or a gas. By such experience we have learned to recog- 
nize certain sensations as hot or cold; and then, with more 
accuracy, to speak of degrees of temperature. Now when a hot 
and a cold body are brought together their temperatures become 
equalized. The hotter body always loses heat. The colder 
body always gains heat.* This experience is the principal basis 
for all heat calculations. 

When in the course of time it had been found that a more 
accurate method than that of the sense of touch was needed for 
heat determinations, methods utilizing the expansion of liquids 

♦This pluMionicMion is called the second laic of thermodytianticSf — that ''heat 
vnergy ahvays passes from a wami body to a cold body.'* 
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THE ELEMENTARY THEORY OF HEAT II 

came to be generally employed. Many substances have a practi- 
cally uniform rate of expansion between the limits of temperature 
an engineer has to deal with. A small column of mercury in a 
glass capillary tube is usually taken as a standard for temperature 
measurements.* The mercury in an accurate thermometer 
expands very nearly ^|§ of its volume when heated from the 
freezing temperature of water (32® F.) to the boiling point 
(212° F.). The expansion between the freezing point and the 
boiling point of water has therefore been called, arbitrarily, 
180^ F. 

For theoretical heat calculations the zero of temperature is 
taken as 492° F. below the freezing temperature of water; or, 
460® below the Fahrenheit zero. This very low temperature is 
called the absolute zero, and at this point there is theoretically 
no heat energy. 

Temperatures measured from the absolute zero are called 
absolute temperatures and are indicated generally by T, to dis- 
tinguish them from the ordinary Fahrenheit temperatures, t, as 
read on a thermometer scale. 

Using these symbols, we have then in Fahrenheit degrees, 

T = t + 460. 

Absolute temperatures are convenient for heat calculations 
because " perfect ^^ gases, at constant pressure, increase in volume 
in proportion to the increase in absolute temperature. 

* The ordinary mercury thermometers can Ije used to measure temperatures to 
about 575° F. with accuracy. For higher tem|)eratures the capillar}' tube over 
the mercury should be filled with nitrogen or carbonic acid gas under high pressure. 
Such thermometers can then be used for tcmj^eratures up to iooo° F. 

If the mercury is not throughout its whole length at the same temperature as 
that being measured, a correction, k, given by the following formula must be 
added to the observed temperature, /, in Fahrenheit degrees: 

k = .000,088 Z) (/-/'), 

where D is the length of the mercury- column exposed, measured in Fahrenheii 
degreeSy and /' is the temperature of the exposed part of the thermometer. When 
long thermometers are used in shallow wells in high-pressure steam pipes this cor- 
rection is often 5® to lo** F. For experimental data and direct-reading correction 
cur\'es, see Moyer's Power Plant Testing, 2d edition (McGraw-Hill Book Co.;, 
pages 31-33- 
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without exception for the condition of constant pressure, and, 
consequently, only values of Cp are generally useful. Most gases 
have practically constant values for their specific heats. 

At temperatures near the boihng point, the heating of vapors, 
like steam, is influenced by molecular attraction, so that their 
specific heats are variables depending on conditions of tempera- 
ture and pressure. The specific heat of superheated steam de- 
creases with increasing temperatures to a minimum value. The 
values of specific heat increase slightly, on the other hand, with an 
increase of pressure.* 

Mechanical Equivalent of Heat. Heat and work are both 
forms of energy and are " equivalent," meaning that energy can 
be transformed into mechanical work, and that work, as a form 
of energy, can be changed back again into heat. The relation is 
expressed by . 

I British thermal (heat) unit = 778 foot-jx)unds (work). 

HEAT AND WORK. 

Heat is a form of energy. Each of the various kinds of heat 
motors, such as the steam engine, the steam turbine, the gas 
engine, or the gas turbine, is a machine for obtaining mechanical 
work from heat energy. 

In the general principles of operation the steam turbine and the 
reciprocating or ** piston " slcam engine are essentially simihir 
machines. Both do work according to the same heat relations. 
The gas turbine is somewhat ditTercnt. This new motor, which 
as yet has scarcely reached a practical stage of development, 
will be discussed in its proper ])lace. 

In a reciprocating steam engine working ** expansively " the 
steam is admitted at boiler pressure until the point of cut-otY; and 
during the remainder of the stroke the piston is pushed ahead, or 
does work, by the expansion of the steam shut up in the cylinder. 
In the steam turbine the heat process is analogous, exce])t that 

♦Knoblauch and Jakob, Zcit. ]'rrci>t dvittsiJur fni;rnirur(', Jan. 5, H)07, .md 
an article by the author in Mechanical Engineer ( London^ Au^, 24, 1907. 



12 



THE STEAM TURBINE 



Heat Units and Specific Heat. The amoi: 
to raise the tcmj)crature of one pound of wai- 
is taken arbitrarily as the standard Engli>ij 
monly called the British thermal unit ^B.l 
the amount of heat required to raise the i- 
of water or steam one degree to the Hrii I 
the specific heat.f 

The specific heat of steam and of ^;i. i 
ing to the conditions under which ilit -j - 
added to a vai)or or a gas held in a . lu:- 
for expansion, no external work i- !..*:•. "" 
all the heat added is used to int T' 
the condition in a boiler when no 
this case the specific heat is sym: 
constant volume. If, on the <>' — 

constant but the volume is alio \' 
and the performing of external 
heat at constant pressure. 

Heating at constant pres^' 
interesting to the engineer, 
boilers are making steam ;i» 
absorbed by a jwund oi ^*- 
must be, obviously, appr^* 
conditions of pressure nu-' 
conditions some exUi 
larger amount of Ik mL 
is constant, it follow 

We should a(M. iu 
cerning enerL'v i » . 

* In till- r. • .. 
Warnunnin ■' V- 
or nearly j I; ' i " 

t Tlu- -■■■ ■ 
I>res.«iuri- 'i. 

the <1KA ii 



, jr.tinuous. 

,r -.leani 

■ : -Miucing 

.-. placed 

- ■ ■': against 

"he wheel 

^- xinnd a piston 
-*. The difference 
available for 



..V I he steam tur- 

,. iniliar case of the 

--. 'rietly, because it 

^, familiar with its 

•V <Mim pip^*> a^d ^^ 

,,-: • linder and causes 

.^ ^xivvW of steam is 

„-. i: :he same lime, 

.*-.•; vM' the cylinder. 

- ;: i nearly constant 

.'n»:enstT. N'ow on 

Mushe<l into the 

. . _,:- '> doing work at 
. ,.. -rc^ under the 
r;vcn i^ressure and 
nv.n:v. Kxpansion 
..-■MnicMl. therefore, 
i"-^: ■'"^' '-vork done 
-. <..i"-. Thus heat 
■ -^ ^ .1 ir.iln to the 

- ..^^ r . .\.:u.i:ly 

-.*■■. ■ 

^. • -*; ...-'•••■•* 

. — ^^-v i> not per- 



'■\RV THEORY OF HEAT 



>s 



■,;il skam engine indicator card, reprc- 

. ilic licat relations that have just been 

'n!;il scale of coordinates (abscissas) repre- 
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,■ ,.-1 libvioiis then that any area included by the lines 
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Fk;. 7. — Pressure-Volume Diagmni Sho« ing Work Areas. 

1. Area AOiB is the work done in " pushing" the steam into 
the cylinder against Ihe resistance of the piston to motion. 

2. Area 12CB is the work done when the steam is expanding. 
5. Area A432C is the work lost in the heat energ\' discharged 

in the exhaust.* 

4. Area 40123 is the net work done. 

The discussion given abo\'e is, of course, for the ideal case 
where the cylinder clearance is neglected ;ind expansion to 
back-pressure (P») is complete. 

* It an almost perfea vacuum ivi-re atuinabli; this loss woulil be practically 
Actually with the licsl condensing apparatus it is quite large. 
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The same diagram (Fig. 7) can also be used for the analysis of 
the work done by steam expanding in the nozzles or similar 
passages * of a turbine. The work done in '* pushing " the steam 
into the engine cylinder has its counterpart now in the work done 
by the steam in entering the nozzle, so that, 

1. Area AOiB is the work done in " pushing " the steam out of 
the pipes or receiving vessels into the nozzlcf 

2. Area 12CB is the work done during expansion at the expense 
of the heat energy, to give velocity to the steam. 

3. Area A432C is work lost by the steam in forcing its way 
against the external or exhaust pressure. 

4. Area 40123 is the work done in producing velocity. 

The work of ** pushing '' the steam into the nozzle produces 
initial velocity^, or ^'velocity of approach." In all practical steam 
turbine nozzles this initial velocity, compared with the final 
velocity after expansion, is very small. For this reason, in the 
calculations required for the designing of nozzles and blades, 
this initial velocity is usually neglected. Practical designers, 
therefore, are interested only in the heat energy of the' area 123 
and the velocity it represents. In order to secure high eflSciency 
and low steam consumption the designer is always striving to 
make this area as large as possible, allowing, of course, for other 
limiting conditions. 

As the result of the comparison of the heat functions of steam 
turbines and reciprocating steam engines, we should observe, 
then, that the heat energy in a pound of steam available for per- 
forming useful work is exactly the same whether the steam goes 
to the one or to the other. It follows then also that, theoretically^ 

* In some tyi^cs of turbines theR* are no nozzles, but instead stationan' blades 
are used which are arranged to expand the steam just as in a nozzle. In this 
chapter, therefore, where the term "nozzle" is used it will Ix? assumed to apply as 
well to stationary "e-\i)anding'' blades. 

t The amount of this work, or the area AOiB, is very small in the case of the 
turbine compared with that in the steam engine. 

V 2 
J This initial velocity, Vq, is calculated from the relation P,i', = — ^ , where 

P, and I', arc the initial pressure and volume of a pound of steam and g is the 
ticceleration due to gravity (3.2.2). ,\11 velocities are in feet i)er second. 
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fig. 8 shows a simple heat diagram laid out with absolute 
temperature and entropy for the coordinates. Steam at a certain 
condition of temperature and 
entropy is represented here 
by the point A. Then if some 
heat isadded, increa^ng both 
temperature and entropy, 
the final condition is repre- 
sented by the point B, and 
the area ABCD r^resente 
the heat added in passing 
from the condition at A to 
the condition at B. Such a 
diagram is usually called 
an entropy-temperature dia- 
gram, although the name 
heat diagram would prob- 
«))ly be nvttv appropriate, sdnce every area represents a definite 
«BfMBt Ol bMl. 

.XlMlhcr tfiitntpy-lfmperature diagram is shown in Fig. 9, 
i^gMWBtliV b]r the various shaded areas the heat added to water 
a^34'' P, to completely vaporize it at the pressure P,. The un- 
^jmX<i.\1 AivA muliT the irri'gular tunu AB ri-jircscnts the heat in a 
M^j,m^ «.'t ^^iiUT at ihf frtf/.ing point (52" F. or 492° in absolute 



VlU. )t^— A ample Entropy- 
Tvnpentun IHagmn. 



'■VWktNta^U 



V\w an-a OBCD is the heat added to the water 



rV'.KUtli.i' w ihv IvmpiTUturo of vajwrizalion, or in other words, 
n*».jto<.w»* n'pn,'«'iUs the hi-at of ihi.' liquid (q) given in the 
uMOt fiirr^ ''"* thi> prfssiirc P,. FunhiT healing after vaporiza- 
.jji^ -Mil- '" ** tita constant temperature T, corresponding to the 
vf^Mffv ^-ukI i:^ rvprt'seiili-il ))y an incTL-asing area under line 
Obk. ^tak ' >UHUUiU){ " is eomplele, the latent heat, or the heat 
r), ist thv area DCEP. If after all the water is 
i, '>v4l i!< addf<I, the steam becomes superheated, 
it rtxiuinnl would be re])rcsented by an area 



■«|pM».%nk!!4UM|»>'-tvnii)crature diagram in exhibiting the 
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behavior o£ steam during expansion and the various heat losses 
and exchanges in the passage of steam through a turbine will now 
be discussed and illustrated with a practical example. 




Fig. 9. — Entropy-Temperature Diagram showing the Total Heat in k Pound 
of Dry Saturated Steam at the Temperature T,. 
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i'lG. 10. — Practical Example lllustraled with an Entropy-Temperature Diagram. 

Fig- 10 illustrates the heat process going on when feed water 
s received in the boilers of a power plant at roo° F,, is heated and 
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converted into steam at a temperature of 400® F., and then loses 
heat in doing work. When the feed water first enters the boiler 
its temperature must be raised from 100° to 400® F. before any 
" steaming '' begins. The heat added to the liquid is the area 
HNCD. This area represents the difference between the heat 
of the liquid of steam at 400® F. (qr) and at 100® F. (qn) and is 
about 306 B.T.U. The horizontal or entropy scale shows that 
the difference in entropy between water at 100° and 400° F. is 

about .437.* 

Every reader should understand how such a diagram is con- 
structed and especially how the curves are obtained. In this 
case the curve NC is constructed by plotting from the steam tables 
the values of the entropy of the liquid (usually marked with the 
symbol n or $) for a number of different temperatures between 
100° and 400° F. 

If now water at 400° F. is converted into steam at that tem- 
perature, the curve representing the change is necessarily a con- 
stant temperature line and therefore a horizontal, CE. Provided 
the vaporization has been complete, the heat added in the 
" steaming '' process is the latent heat or heat of vaporization 
of steam (r) at 400° F., which is approximately 827 B.T.U. 

The change in entropy during vaporization is, then, the heat 
units added (827) divided by the absolute temperature at which 
the change occurs (400 + 460 = 860^ F. absolute) or 

r 827 

r 860 ^ 

The total entropy of steam completely vaporized at 400° F. 
is, therefore, the sum of the entropy of the liquid (water) .566 and 
the entropy of the steam .962, or 1.528.! To represent then by 
CE this final condition of the steam, the point E is plotted where 
entropy measured on the horizontal scale is 1.528, as shown in the 

* As actually determined from Marks and Davis' Steam TahUs, pp. 9 and 15, 
the difference in entropy is .5663 — .1295 or .4368. Practically it is impossible to 
construct the scales in tlie figure very accurately. 

t Entropy like the total heat (//), and the heat of the liquid (7), k measured 
above the condition of freezing water (i,!"^ Y.). 
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figure.* The area HNCEF represents then the total heat added 
to a pound of feed water at ioo° F. to produce steam at 400° F., 
and the area OBCEF represents, similarly, the-total heat (H in the 

steam tables) in a pound of steam at 400° F. above that in water 

at 33° F. 
Adiabatic Eipandon and Avaflable Energy. The practical 

example illustrated by Fig. 10 (repeated here) will also be used 

to explain how the entropy-temperature diagram can be used to 
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— Practical Example 



Illnstrated with a 



Entropy-Tempeial u : 



show how much work can be obtained by a theoretically perfect 
en^ne from the adiabatic expansion of a pound of steam. When 
steam expands adiabatically — without a gain or loss of heat — 
its temperature fails. Remembering that areas in the entropy- 

• The point E is shown located on another curve ST, which is determined 
bjrplotting a series oi points calculated the same as E, but for different pressures. 
If more beat had been added than was required for vapori/.ation, the area DCEF 
would have been larger and E would have fallen to the right of ST, indicating 
by its positjon that the steam had been superheated. The curve ST is therefore 
a "boundary line" between the saturated and superheated conditions. This 
curve can alio be plotted from the values obtained from a table of the entropy of 
dry satursled steam. 
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temperature diagram represent quantities of heat and that in this 
expansion there is no exchange of heat, it is obvious that the area 
under a cture of adiabatic expansion must be zero ; and this con- 
dition can be satisfied only by a vertical line which is a line of 
constant entropy.* For the case in Fig. lo the expansion curve 
will lie, therefore, along the line EF, and if the temperature falls 
to ioo° F. the expansion will be from E to G, and during this 
change some of the steam has been condensed. If now heat is 
removed from this mixture of steam and water till all the steam 
is reduced to the liquid state, but without further lowering of the 
temperature, the horizontal line GN f will represent the change in 
its condition. The quantity of heat absorbed in this last process 
— technically known as condensing the steam — is represented 
by the area MNGF, and the heat converted into work is, therefore, 
the area NCEG; and this is called the available energy. By 
means of diagrams like those in the preceding figures, it will now 
be shown how the available energy of dry saturated steam for 
any given conditions can be readily calculated from the data given 
in steam tables. 

Fig. II is an entropy-temperature diagram representing dry 
saturated steam which is expanded adiabatically from an initial 
temperature T^ corresponding to a pressure Pj to a lower final 

* Since in an adiabatic expansion there is no change* of entropy, lines of constant 
entropy, in practice, are often called " adiabatics ". It is very rare in steam turbine 
work that the expansion in a nozzle departs far from the adiabatic. For this reason 
other kinds of expansion are not mentioned here. 

t That the steam might be dry and saturated, the expansion would have had 
to follow the curve ET and G would have appeared at G\ 

The heat of the liquid, ^, of a pound of steam at lOO® F. is represented by OBNMy 
and the heat of vaporization (r) is MMG'F'j so that the total heat (q + r or H) 
is OBNG'F*. The total heat of wet steam is expressed by ^ + jct, where x is 
the quality or relative dryness. In the case of this adiabatic expansion, then, 
5 is as before OBNM and xr is MNGF. It is obvious also that the lines NG 
and NG' have the same relation to each other as the areas under them, so that 

line NG _ area MNGF _ xr NG _ 

line NG' ~ area MNG'F* r ' "^ NG' ^' 

showing that the quality of the steam at any point, G, on a constant temperature 
line (which for saturated steam is also a constant pressure line) is determined as 
in this case by the ratio of NG to NG'. 



THE ELEMENTARY THEORY OF HEAT 



23 



temperature T, corresponding to a pressure Pj. The other initial 
and final conditions of total heat (H) and entropy (0) are 
represented by the same subscripts i and 2. The available 
energy or the work that can be done by a perfect engine under 
these conditions is the area NCEG. It is now desired to obtain a 




0=0 



JJ 0^ Entropy 



Fig. II. — EntropyTemperature Diagram for Steam Initially Dry and 

Saturated. 



simple equation expressing this available energy E„ in terms of 
total heat, absolute temperature, and entropy. Exi)lanalions of 
the preceding figures should make it clear that 

H, - area OBNCEGF, 

H. = area OBNGT^ 

E„ = areas (OBNCEGF ^ FGGT') - OBNGT', 

Ea = H^ - K, + FGGT', 

therefore Ea = H^ - H, + ((/>, - ^0 T,*. (i) 

An application of this equation will be made at once to deter- 
mine the heat energy available from the adiabatic expansion of 

* It should be observed that this fomi is for the ( asi' where the steam is initially 
dr>* and saturated. For the case of suj)erheate(l steam a slightly ditTerent form is 
required which is given on page 55. 
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must not be overlooked in its application. There are, therefore, 
two other cases to be considered : 

(i) when the steam is initially wet, 

(2) when the steam is initially superheated. 

Available Energy of Superheated and Wet Steam. The super- 
heated condition is somewhat complicated and will not be dis- 
cussed at this place, because it can be worked out more simply 
with the aid of the entropy-total heat chart in the appendix. The 
method to be used for this case will be discussed therefore after 
the use of this chart has been explained. (See pages 55 and 57.) 

The case of initially wet steam is, however, easily treated in the 
same way as dry and saturated steam. Fig. 12 is an example of 
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Fig. 12. — Entropy- Temperature Diagram for Initially Wet Steam. 



the case in hand. At the initial pressure Pj, the total heat of a 

pound of wet steam (q^ H- x^rj) is represented in this diagram by 

the area OBNCE''^^. The initial quality of the steam (Xj ) is repre- 

CE" 
sented by the ratio of the lines ■— - • The available energy from 

adiabatic expansion from the initial temperature Tj (correspond- 
ing to the pressure PJ to the final temperature T^ (corresponding 
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Cunii Tfpc- 
Tm, 14. — Examples of Standard Dcngna of Nozzles. 
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It is observed that the theoretical velocity is reduced from 
2953 to 2886 feet per second by the presence of moisture in 
the steam. The percentage reduction in velocity is, however, 
only about 2 per cent, while the amount of moisture is 5 per 
cent. 

The shaded area NCEG in Fig. 11 is also known as the the- 
oretical Rankine cycle for the case where the steam suppUed 
is initially dry saturated. The available energy , therefore, as 
^ven by equation (i) on page 23, multiplied by 778 gives the 
maximum theoretical foot-pounds of work that can be accom- 
plished with this cycle, neglecting losses, from a pound of dr}' 
i^team. There are 33,000 X 60 foot-pounds in one horsepower- 
hour, and hence dividing 33,000 X 60 by £a X 778 wc get the 
tfaeoretical steam consumption (''water rate") of an engine or 
turbine using the ideal Rankine cycle with steam initially drj^ 
saturated. Similarly the area NCE" G" in Fig. 12 shows the 
available work for the theoretical Rankine cycle when the steam 
is initially wet, and the theoretical steam consumption of the 
Rankine cycle for this case is 33,000 X 60 divided by EaJ* X 778. 

Fig. 32, page 57, shows also the Rankine cycle for steam ini- 
tially superheated. Calculation of theoretical steam consump- 
tion is similar to the cases already explained. 

The most important part of the design of a nozzle is the deter- 
mination of the areas of the various sections — especially the 
s^nalU'St section, if the nozzle is of an expanding or diverging 
type. \'arious forms of standard nozzles are shown in Figs. 13 
jjid 14. 1»^ order to calculate the areas of nozzles we must 
know how to determine the quantity of steam (flow) per unit of 
uart pus5>ii4> through a unit area. It is very essential that the 
niv'iMe i< well nnuuleil on the " entrance " side and that sharp 
-lists -liong the ixith of the steam are avoided. Otherwise it 

; Z'2i jnportant whether the shape of the section is circular, 

.•iancii. >r rectangular with rounded corners. T}'pical 

:t;mgular " and circular nozzle sections used in 
:^ 01 con\mercial turbines are shown in Fig. 15. 
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Example. Calculate the work done in foot-pounds by one 
pound of steam expanding behind a piston in a reciprocating 
engine for the conditions given in the example on page 24. 
(See discussion on page 16.) Ans. 174.2 X 778 ft.-lbs. 





I I 

Fig. 15. — Sections of Nozzles Used in Commercial Turbines. 

Example. If the flow of steam at 165 pounds per square inch 
absolute pressure from a nozzk with a cross-sectional area of 
.128 square foot is 200 pounds per second, what is the velocity 
of the discharging jet? 

At the pressure stated steam has a specific volume of 2.75 
cubic feet per poimd (from steam tables). 

Let V = velocity of discharge (ft. per sec.) 

A = area of nozzle = .128 sq. ft. 
AV = volume discharged (cu. ft. per sec.) 
.128 V = 200 X 2.75 

V = 4297 ft. per sec. 

If turbine blades could be made to transform all this velocity 
into useful work, how much horsepower could be transmitted to 
machinerj' from its shaft? 

Kinetic energy of jet (ft.-lbs. of work per sec.) = — - 

where W is the weight in pounds of the steam flowing and g 
is the acceleration due to gravity (32.2 ft. per sec). 

-.-. ft.-lbs. of work i^r sec. 
Horsepower = — * 

550 
200 X (4297V" 



2 X 32.2 X 550 
= about 104,300 h.p. 
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Example. What is the theoretical steam consumption (water 
rate) of the Rankine cycle for the conditions given in the ex- 
ample on page 24; that is, for steam initially dry saturated? 

Ans, 33.ocx)X6o 
174.46 X 778 
Example. What is the theoretical steam consumption of 
the Rankine cycle for steam initially wet at the conditions 
stated in the example on page 26? 

A„s. i^f^ ^ ^„ . 
166.53x778 



CHAPTER III. 

FLOW OF STEAM AND NOZZLE DESIGN. 

Flow of Steam through Nozzles. The weight of steam dis* 
charged through any well-designed nozzle with a rounded inlet, 
similar to those illustrated in Figs. 13 and 14, depends only on 
the initial absolute pressure (PJ, if the pressure against which 
the nozzle discharges (Pj) does not exceed .58 of the initial pres- 
sure. This important statement is well illustrated by the follow- 
ing example. If steam at an initial pressure (P^) of 100 pounds 
per square inch absolute is discharged from a nozzle, the weight 
of steam flowing in a given time is practically the same for all values 
of the pressure against which the steam is discharged (Pj) which 
are equal to or less than 58 pounds per square inch absolute. 

If, however, the final pressure is more than .58 of the initial, 
the weight of steam discharged will be less, nearly in proportion 
as the difference between the initial and final pressuf es is reduced. 
(See pages 32 and 33.) 

The most satisfactory' and accurate formula for the '^ constant 
flow " condition, meaning when the final pressure is .58 of the 
initial pressure or less, is the following, due to Grashof,* where F 
is the flow of steam f (initially dry saturated) in pounds per 

* Grashof, Theoretische Afaschineniehre, vol. i, iii; Huttc TascJietthucU, vol. i, 
page T^^^. Grashof states the formula, 



F = .01654 AqP^; 



B8M 



but the formula given in equation (3) is accurate enough for all prac tical uses. 

t Napier's formula is very commonly used by engineers and is accurate enough 
for most calculations. It is usually stated in the form 

70 

where Fy P,, and A^^ have the same significance as in Grasfw/'s formula. The 
following formula is given by Rateau, who has done some very good theoretical 

29 
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second, A« is the area of the smallest section of the nozzle in square 
inches, and P, is the initial absolute pressure of the steam in 

pounds per square inch, 

00 

or, in terms of thi? area, 

. 60 F , ,, 

A. = ■^, ■ (3') 

These formulas are for Ihc Hon- of slcam initially dry and 
Lirated. An illustration of their applications is ^ven b)' the 
toUowing practical example. 

Example. The area of ihe smallest section (4,) of a suitably 
designed nozzle is .54 square inch. What is the weight of the 
flow (F) of dry saturated steam per second from this nozzle when 
the initial pressure (P,) is 135 pounds per square inch absolute 
and the discharge pressure (P,) is i-; pounds per square inch 
absolute ? 

Here Pjis less than .58 F, and Grashofs formula is applicable, 
or, 

p _ -54 (135)'" ". 



60 

When steam passes through a scries of nozzles one after the 
other as is the case in many types of turbines, the pressure is 
reduced and the steam is condensed in each nozzle so that it 
becomes wetter and wetter each time. In the low-pressure noz- 
zles of a turbine, therefore, the steam may be very wet although 

ami prarlical work on steam turbines, but his formula is too complicated tor 

I- = .00, A„P, [TS.26 - ..,6 (log P, + log. 0703)1. 
Common or liasc la lognrillims .ire lo be used in this formula. 
• A I ur\i- from whitli values of ^^ ciin be read is giwn on page 38 (Fig. 19). 



ri by Napier's formul.T for this example is i' — 



■54 X I 
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initially it was dry. Turbines are also sometimes designed to 
operate with steam which is initially wet, and this is usually the 
case when low-pressure steam turbines (see Chapter IX) are 
operated with the exhaust from non-condensing reciprocating 
engines — a practice which is daily becoming more common. In 
all these cases the nozzle area must be corrected for the wetness 
of the steam. For a given nozzle the weight discharged is, of 
course, greater for wet steam than for dry; but the percentage 
increase in the discharge is not nearly in proportion to the per- 
centage of moisture as is often stated. The general equation for 
the theoretic discharge (F) from a nozzle is in the form* 






* The general equation for the theoretic flow is 



where the symbols F, Aot Pj, and g are used as in equations (2) and (3). P^ is 
the pressure at any section of the nozzle, Vi is the volume of a pound of steam at 
the pressure P,, and /r is a constant. The flow, F, has its maximum value when 

2 k + l 

m - m ' 

is a maximum. Differentiating and equating the first differential to zero gives 

k 



Pi \A; f 1/ 



P, is now the pressure at the smallest section, and writing for clearness Pq for 
P,, and substituting this last equation in the formula for flow {F) above, we have 



- '-"^mm} 



Now regardless of what the final pressure may be, the pressure (Pq) at the smallest 
section of a nozzle (Aq) is always nearly ,58 P^ for dry saturated steam. Making 
then in the last equation Pq = .58 P^ and putting for k Zeuner's value of 1.135 
for diy saturated steam, we may write in general terms the form stated above, 

/p~ 

where K is another constant. See Pcabody's Thermodynamics of the Steam 
Engine^ page 132; Zeuner's Theorie der Turbinen^ page 268 (Ed. of 1899). 



vfadc P^ i& liic BBQiil aSwolMr fi^^HT aMl i^ is tfae speci&c 
up lum c (cubicfDOliHagxpmd^st^i^MrikrpRSMci*,). Now, 
nrf^gflmg ihc wrfnMc q< afaf-^aiKg M *tl aw, rtich is a usoal 
appnuiimtian, llir tubiur «< a poHBi «f Ska^ is pn>ponioBal 
to the qmfitv (x, 1 For wel mmim Ar cqBtfMB abmv becomes 
then 

F = K\ -^- 

The eqnatiaa shovs. tbeidiMc thai the flow «f wet steam is 
in TCT«rfy ftnytio— I to Ae sfiave ro«( «( Ae f«lit7 (zi). 
Ckashcrf*s equaticMis can be stated then mon gcnoaOy as 



These equations become, of a-ur^-. 'ht- ?amc as (3) and (3*) 
for the case where jr, = i. 

Flow of Steam when the Final Pressure is more than .58 of the 
Initial Pressure. For this ca>c ihe discharge depends upon the 
final pressure as well as upon thf initial. Xo saiisfactor}- formula 
tan Ik: ^ven in simple icrms, and iho flow is most easily calculated 
with ihe aid of the cune in Fig. 16 due to Ratcau. This cur\e is 
us<:d l>y 'ktermining first the ratio of the final to the initial 

p 
pre-isun- ', and reading from the curve the corresponding co- 

eflniirni showing the ratio of the required discharge to that cal- 
culale<l fur (he given conditions by either of the equations (3) 
or (4). Tile toelliuenl from the cur\e times the flow calculated 
from ecjualiims (3) or (4) is the required result. Obviously the 
discharge for this condition is always less than the discharge 
rtien the final ]»ressure is equal lo or less than .58 of the 

■actual design of the nozzles for a commercial turbine will 
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be taken up in the next paragraph; but before this is done, one 
other equation used almost continually in nozzle and blade de- 
signs must be explained. It is to find the quality of the steam 
alter an adiabatic expansion. The initial quality of the steam is 
usually determined by the conditions in the boiler equipment, or 
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KoUo of FlDAl u iDltUil I'reaaure-JX 
Fii;. i6. — Coefficients of the Discharee of Sleam wlieii the P'liial Piessiirc Is 
Grealcr tlian .^S of ihe Initial Ptes^^ure. 

i:i given in the engineer's specifications for a new design, bul the 
quality of the steam after each expansion must be calculated. 
The general equation for adiabatic flow (ronstanl entropy *) i:; 



and solving, 



-[^-.-.]^. 



where the subscript i attached (o the symbols refers to the initial 

condition, and the subscript 2 to the final. Thi- terms 0, and IK 

* Sec tootnijle on iisRe 17. 
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are the entropies of iht liquid (water) at ihe initial and &na] con- 
ditions, and Ihe other symbob are used as before. 

To avoid the laborious calculation of equation (5) 10 deiermine 
uality after adiabatic expansion, curves of st«am quality 
been calculated and plotted on the entropy-total beat chart 
■■ appendix. To iUa^rate Ihe use of these oirves an example 

^iven below. 

Example. Steam at 165 pounds per square inch absolute 
pressure (f,), which is 4 per cent, wet (x, = .96), is expanded 
adiabatically in a nozzle to 15 pounds per square inch absolute 
{Pi). What b the quality after expansion ? 

Method. A point is tlr^t located on the chart where the quality 
cun'e for .v = .96 crosses the pressure line for 165 pounds as shown 
diagram ma lically in Fig. 17. A horizontal line of constant 
entropy drawn through this point shows at its intersection with 
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lie Use if the Entropy Total Heat Chwt li 
Quality uf Sieam aflei EipaosioD. 



the pressure line for 15 pounds the quality after expansion. In 
this case the quality is .837, For practical designing to get satis- 
factory results the quality should be read to three significant 
figures. 

Nozzle Calculations. In the calculations to determine the dimen- 
sions of a nozzle it is necessary to have given the following data: 

(i) the weight of slcam that is to be delivered through the 
nozzle to develop the required ixivver in the turbine. 
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(2) the initial and final pressures (P^ and Pj). 

(3) the quality (x^) of the steam supplied. 

With these data -4 , is then calculated by substitution of these 
quantities in equation (4'). This is the area at the smallest 
section or throat as shown in Fig. 18. 



'" X^ThPOftt 
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Fig. 18. — A Typical Expanding Nozzle. 

The area of the nozzle can be determined by simple calculations 
only at the smallest section or throat. To determine the area at 
any other section of the expanding portion between the throat 
and the mouth involves equations of the form of those at the bottom 
of page 31. It is therefore convenient to determine the sections 
other than the throat by a proportional method. Now the areas 
of different sections depend on the following three conditions: 

(i) the velocity of the steam. 

(2) the specific volume. 

(3) the quality or dryness. 

The essential condition to observe is that the weight of steam 
flowing per second is the same at every section; and for the same 
flow the areas are inversely proportional to the velocities at any 
two sections compared, and directly proportional to both the 
specific volumes and the qualities. We may then write the 
equation 

^ = ^X^-X^, (6) 

Aq VjJ Vq Xq 
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Aq = area of nozzle at the smallest section in square inches. 

Ax = area of nozzle at any section of expanding portion in 
square inches. 

V© = velocity of steam at the smallest section in feet per second.* 

V, = velocity of steam at any section in feet per second.* 

Vo « specific volume at the smallest section in cubic feet per 
pound. 

V, =* specific volume at any section in cubic feet per pound. 

x^ « quality of steam at the smallest section. 

Xj -= quality of steam at any section. 

V V X 
The product rp X— ^ X — when calculated for the largest 

9txtkm or mouth, is often called the expansion ratio (see Fig. 21, 
p^fc^ 4i)» and is very nearly proportional to the ratio of the 
XLxiXxxX to the final pressure. 

.Vni exwuple will now be given to show how the actual area of 
the iHM^U's of a commercial turbine can be calculated. 
fUlijrlt A test of a De Laval turbine was as follows: 
hrvssun* in the steam-chest (Pi) .211.5 pounds absolute 
Vacuun^ n^tVrred to 30-in. barometer. . 26.6 in. mercury 

\Loisturv iu steam 2.2 per cent. 

Ikakc hv>rsqH)wcr 333 

^>(^tUH vvttsumption, per brake horsepower- 

iHHiT ;ts. weighed (** wet ") 15.51 pounds 

>ii^KltMV of lM>V2les open 8 

Q^thK^QMi^ Vi ^ given as 26.6 inches vacuum, which is less 
•^^^^B^Miil^diMQihAte pressure, and is therefore less than .58 Pi 
\ vypMifc.(4[) ^ 94P|>UcabIe, so that the ^^ throat '' area of the 
^jUpmlH^iQPimssed by 

siui, 

in A noule occurs before the steam " emerges " 




fl "^■■^Wi^flMMii^i^MwA Applies to both Vo and Vx and cancels when 
1 , '^^"■Mi^i^^^M^ 'Bll HWI txpimding nozzles shown on page 51 are no 

tipanding nozzles. 
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where x^ = -978, Pi = 21 1.5 pounds per square inch absolute, 
and 

p ^ 333 ^5o^ = i^ pounds wet steam per second. 
3600 3600 



^0 = '333 X^T"-^ X .989 = .472 square inches. 

3600 

The area of the throat of each nozzle is therefore .0590 square 
inches. 

The value of was read from the curve * of -— -r. in 

(211.5)'^ Pi 

Fig. 19. 

The nozzles of most commercial types of steam turbines are 
made with straight sides as shown in Fig. 18, so that in addition 
to the area at the throat only one other area must be found to 
fully determine the expanding portion. This is obviously most 
easily determined at the mouth, since the velocity must be calcu- 
lated from the available energy for an adiabatic expansion from 
P, = 21 1.5 pounds per square inch absolute to P^ = 1.67 pounds 
per square inch absolute (26.6 inches vacuum). This available 
energy can be calculated by equation (i') for initially wet steam, 
but the calculation is laborious, and instead the energy will now 
be read from the entropy-total heat chart in the appendix. The 
point is first located on the chart where the line for 21 1.5 pounds 
pressure crosses the .978 steam quality line (estimated). Read- 
ing the scale of abscissas at this point we find that the total heat 
energy in a pound of steam at this condition is 1181 B.T.U. By 
following a horizontal line from this point across the chart as 
indicated diagrammatically in Fig. 20 till it intersects the pres- 
sure line corresponding to 1.67 pounds (estimated), the total heat 
energy escaping with the exhaust steam after adiabatic expansion 

* The curve was made in this form to make the final form of the result more 
convenient for slide-rule or cancellation calculations. 
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as read on the scale of abscissas is 874 B.T.U. The difference 
between the two readings, or 307 B.T.U., is the available energy 
(£a). The quality at the end of expansion (z^) as read from the 
curves is .767. In this way the labor of calculating X2 is saved. 
From the value of the available energy due to expansion, Eau-, 
the velocity Fj *^ ^^e mouth of the nozzle is calculated by equation 
(2), or 

K3 = 223.7 \/Eaw = 223.7 "^307 = 3919 f^^t P^r second. 

In order to determine the ratio of the ^^rea at the mouth of the 
nozzle {A 2) to that at the smallest section {A^) by equation (6) 
the velocity (Fp) and the quality {x^) * must be determined. 
These evaluations are most easily made in the same way as for 
F, and x^ by means of the entropy-total heat chart. Now the 
available energy £00 corresponding to the velocity F©, must be 
calculated for adiabatic expansion from 

P, = 21 1.5 pounds and x^ = .978 to 
Po = -58 Pit = 122.7 pounds. 

This available energy is 44 B.T.U. and x^ is .939. The 
velocity Fo is, therefore, 223.7 y/ET = 223.7 \/^ = 1483 feet 
per second. $ 

* For steam initiaUy dry and saturated, the quality after adiabatic expansion 
(X,) for all practical cases is very nearly expressed, empirically, by the eiiuation 



jfj 



-(r^ 



and the quality at the throat {x^ may be taken as .965 for all ])ractical rases regard- 
less of the initial and final pressures. 

t It is well established by thermodynamic calculations and by actual exjx.*ri- 
ment that the pressure Pq at the smallest section of a nozzle is always very nearly 
.58 of the initial pressure (-Pi). 

X Ver\' elaborate curves of the velocities resulting from the adiabatir expansion 
of dry saturated steam have been ])repared and published in st)me Ameri(an lx>oks. 
Considering the several stages in nearly all tyf>es of turbines, such curves can be of 
vcr}* little use to practical men, because the condition that the steam admit tc-d to 
the nozzles is dr\' and saturated occurs infrequently. That some of tlie authors 
neglected to mark the curves "for steam initially dry and saturatc<l'' rleservcs 
severe criticism. The curves, as given, are very misleading, as they are appar- 
ently intended for general application for all (jualities and sufxrheats. 
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In addition to the values already obtained it is only necessary 
to get Vq and i\ (the specific volumes of dry saturated steam at the 
corresponding pressures P^ and PJ to determine all the terms in 
the ei|uation for the expansion ratio as already given, and putting 
now the subscript 2 for x in equation (6) to express the conditions 
corresponding to the pressure P,; then 

r = >x?xf. (6') 

-"■0 ^2 '0 *0 

or 

- 1483 ^ 2 06.0 ^ J67 ^, • u / 

At^ — "^ X —z — X -^— ^ X .0590 = 1.030 square mches (area 
3919 3.642 .939 0^0^ 

at mouth "). 

The author has found as the result of some investigations 
regauling iho design of nozzles that the expansion ratio (-r^Jof a 

piviK^rly tlcsigned nozzle is verj- nearly proportional to the ratio of 
tilt imtial pressure (Pi) to the final pressure (P.). The curve 
shown in Fig. ai has been calculated on this basis for widely 
JilYcrcni a>ndilions but for rather small expansions, and has been 
fouiKl to Ik* accuralc enough for ])ractical purposes in designing 
tuibincN of nu>!X* than one stage. A similar cur\c is now being 
u><\i '^^ the no//.le designers of one of the large manufacturing 
caaijKiiucN. After the relations shown by Fig. 21 had been 
.^giiKwi vHil* it Nv;is found that Zeuner had arrived at a similar 
.^^i^;t luiihcmalically after making certain assumptions;* but 



*> <;* v«*;^i '^ !'kt'i>fiir Jt'r Vurbiueu, page J70, tht* following e({uation is given 
•• ■« %w->*-'*^' '*^"** '** *^* **'^"* **^ ^^^' tnouih to that at the smallest section (expan- 

.1. -i^so 

-1. 



\im -m~ 



_ '^ .■,*^i«^ 



. 'tiu '■* 'Wv UM'tl as in the etjuations al>ove. There is probably 



•V. 

.^i*.A» >' i>>uin|»tior»N, Unaust* actually values of 1-i arc not quite 
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Zeuner's equation itself is practically useless on account of being 
too implicated.* 

Shapes of Expanding ITozzles. The inside walls of the expand- 
ing portion of the nozzle are usually surfaces with straight-line 
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Fig, z\. —Curve Showing the Approximate Relalion lietweeii Ex|aiisioii Ratio 
of a NoKle and ihe Ratio of liie Initial 10 tlie Final rmsuie, 

elements, meaning that in any section of the nozzle along the 
axis, like Fig. i8, the inner walls are shown by straight lines. 

• The author's I un-e in Fij-. ;. i-^ i'.\prt-s^il hy, 



.!, 



\l\> 



le form for pressure ralios greater than 25 i- llii' (i>i 
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Parenty has shown that, for the highest efficiency, theoret- 
ically, such a section along the axis should be slightly elliptical 
with the focus in the throat, but practically this shape shows no 
advantage and is much too difficult to construct. For making 
nozzles like those in Curtis turbines, where the work is done 
largely with hand tools, the construction of even the simplest 
form is very expensive and the cost of an elliptical curvature is 
practically prohibitive. The shape to give the best expansion 
curve has been the subject of investigation by various experi- 
menters.* As the practical results are particularly interesting, 
it may be well to describe briefly a typical form of apparatus 
usually employed in these experiments as shown in Fig. 22. The 




Fig. 22. — Searching Tube Apparatus for Determining the Pressures in Nozzles. 

nozzle to be tested is marked A in the figure. The steam entering 
the passage B discharges through the nozzle directly into the 
exhaust pipe E. A small "searching" tube, C, is provided 
which is sealed at one end and has a very small hole, D, a short 
distance from this end. The other end of the tube is attached to 
a mercury column or pressure gauge. Suitable means are pn)\'ided 
for sliding the ** searching '' tube with its pressure gauge back and 

* The conditions of pressure and velocity of steam inside a nozzle are discussed 
very completely from the mathematician's viewpoint in Die Dampfturbintn by 
Stodola, 3rd edition, pages 42 to 75, and in Zeitschrift filr das GesanUe Turbinet^ 
ivesen, Aug. 10, 1906, pages 325-327. 



I 



NOZZLE DESIGN 



43 



forth so that pressures can be observed in diflfercnt parts of the 
nozzle, corresponding to the position of the hole D. From these 
observations a curve of 
pressures may be made, 
and from this, together 
with the data of the weight 
of steam passing per unit 
of time, a second curve may 
be developed showing the 
corresponding velocities. 
The curves in Figs. 23, 24, 
and 25 are examples of the 
results obtained by this 
method for three very dif- 
ferent nozzles. The nozzle 
shown at the top of Fig. 
23 has curved lines, nearly 
elliptical, for its inside 
walk. A pressure curve 
is shown beneath the sec- 
tion drawing, in its true 
relative position corre- 
sponding to points along 
the axis of the nozzle. 




*• Distance aloug Axis of Nozzle 



Fig, 



23. — Expansion Curve of a Nozzle 
with an Elliptical Axial Section. 



Theoretically this shape of nozzle approaches the ideal for an 
adiabatic expansion.* Practical conditions, however, as stated 

* A nozzle with a circular section (pxjrpcndicular to the axis) has less surface 
exposed to the flow of steam than a nozzle of any other form of the same length 
and expansion. For this reason this form should give minimum friction losses. 
In practice, howe\'er, this type is not often used when the section at the mouth of 
the nozzle is made rectangular, at least when the nozzles are arranged in groups 
with the mouths of the several nozzles close together. There are obvious advan- 
tages from this last construction, as first j>ointed out by Profe>sor Riedler, Ix'cause 
if the nozzle mouths are made rectangular and c lose together a long continuous 
"band" of steam is secured which is approximately liomogeneous and of constant 
velocity. The flow from the end nozzles is, of course, alTeded ])y excessive eddying 
and other irregularities just as single nozzles. Klluienc y of the end nozzles is 
therefore considerably less than that of any of the others in the group. 
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before, make the nozzle shown in Fig. 24 with expanding straight- 
line walls preferable if the throat and mouth areas are properly 
designed. Fig. 24, however, is intended to show primarily the 
effect of using a nozzle for non-condensing service, which was 
designed to be used condensing. For this reason the expansion 

in the nozzle is greater 
than it should be for the 
pressures with which it 
is operating; and for this 
reason the pressure inside 
thenozzle,as illustrated by 
the curv^e, falls below the 
exhaust pressure. This 
is called over-ezpansion 
or " over-compounding " 
and is always accompa- 
nied by a loss in efficiency. 
In fact, as will be shown 
again later, the effect of 
over-expansion, or making 
a nozzle too large at the 
mouth, reduces nozzle effi- 
ciencv much more than if 
it is made the same per- 
centage too small. (See 
Fig. 28.) The cur\-es 
in Fig. 24 show that the 




>> Distance aloog Axis of Noszle 

Fig. 24. — Expansion Curve of a Nozzle with pressure at the mouth 

*^^ ^' is a little lower than the 

atmospheric exhaust, and a partial vacuum is thus secured 
at the blades opposite the nozzles. When such nozzles are 
operated non-condensing there is some gain from the reduc- 
tion of disk and blade friction because the wheel and blades 
revolve in a less dense medium; but when considering also 
the increased losses in the nozzle itself because of over- 
expansion, there is certainly no net gain over ha\ing a nozzle 
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designed exactly for the expansion corresponding lo the operat- 
ing conditions. 

Fig. 25 is intended to show an abnormal but interesting form of 
nozzle which gives some idea of the beha\ior of steam when the 
expansion is not gradual and continuous. It was argued by a 
designer who made this nozzle that this form should be as efficient 
as anv other. It was 
his theor}' that if the 
areas at the throat 
and at the mouth 
were of the right size, 
the shape of the walls 
between was of no 
consequence, and, in 
fact, that the steam 
of itself would take 
the correct passage. 
Thus by preventing 
the steam particles 
from touching the 
walls the friction 
losses in the nozzle 
should be reduced. It 

will be 0bse^^'ed , how- _^ Pl^rtance along A^U, of No.no 

e\er, irom me curve Fiq. 25. — Expansion Curve in an Abnormal Nozzle. 

in the figure deter- 
mined from some experiments with this nozzle that the pres- 
sure first drops abruptly in the throat to .^"^ of the inilial, 
as in any other nozzle, and then forms a series of waves, from 
which it appears that the particles of steam strike the walls and 
rebound, to meet again at a point, as at A, where an increased 
pressure is produced, and so on till the mouth is reached. The 
probable path of the steam is shown by the dotted lines in the 
drawing of the nozzle. These experiments sliow therefore that 
the steam will not take the correct passage through a nozzle with- 
out the provision of properly designed walls of gradually increasing 
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area corresponding to the expansion required. The importance 
of careful workmanship in the manufacture of nozzles is therefore 
obvious. 

The results shown by Fig. 25 bring up naturally the discussion 
of the proper length for a nozzle, as the one in this figure was 
obviously much too long. 

Probably the best designers of the Curtis types of turbines make 
the length of the nozzle depend only on the initial pressure. In 
other words, the length of a nozzle for 150 poimds per square inch 
initial pressure is usually made the same for a given type regard- 
less of the final pressure. And if it happens that there is- 
ciowding for space, one or more of the nozzles is sometimes 
made a little shorter than the others. 

Designers of De Laval nozzles follow practically the same 
" elastic " method. The divergence of the walls of non-con- 
densing nozzles is about 3 degrees from the axis of the nozzle, and 
mndensing nozzles for high vacuums may have a divergence of 
M much as 6 degrees "^ for the normal rated pressures ol the 
tuifaine. 

The author has used successfully the following empirical 
fannula to determine a suitable length, L, of the nozzle between 
die throat and the mouth (in inches): 

L = V^fA,, (7) 



At is the area at the throat in square inches. 
The design of the nozzle calculated in the example on page 36 
be completed with the determination of its proper length, 

L = V 15 X .059 = .9 inch. 
Tfeinpoctant dimensions of nozzles of circtilar section suitable 

to Dr. 0. Rccke, if the total divergence of a nozzle is more than 
^«B llfpn to form in the jet. There is no doubt that a too rapid 
i4Y«lodty loss. 

-of wnalt* intended for ditTerent initial pressures arc supplied 

>tMfbte^ the length as determinc<l by the tai)er is usually made 

that i» to Ik* most used. Ins|xjction of the De Laval 

, ntiTHMary to make all the nozzles of the same length 

itlKMw»ao that the noz/les maybe used interchangeably. 
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for this De Laval turbine tested by Dean & Main may be tabu- 
lated as follows: 

Area at throat (Aq), .0590 square inch. Diameter (D^), .274 
inch. 

Area at mouth (A 2), 1.008 square inches. Diameter (D2), 
1.132 inches. 

Length of nozzle (L) as determined by equation (7), .9 inch. 

Length of nozzle assuming a divergence of 12 degrees, 1.9 
inches. 

It will be obsen-ed from the last calculation that a de- 
signer of De Laval nozzles would make the length about twice 
that calculated by equation (7). The nozzles of De Laval 
turbines are made unusually long largely for mechanical rea- 
sons. There is probably very little loss in this additional 
length. 

A nozzle of circular section suitable for these conditions is 
shown at the top of page 27 (Fig. 13). It will be observed that 
a rounded entrance to the nozzle has been made. If a well- 
rounded entrance is not provided the rate of flow through the 
nozzle may be only 50 to 70 per cent, (depending of course on the 
sharpness of the comers) of the normal flow calculated from 
Grashofs formulas given in equations (3) and (4). The effi- 
ciency is also very much reduced if the steam is not led to the 
throat along a surface of gradual curvature.* 

* Jude states that a ver}' large rounded inlet aj)pcars to "choke" the nozzle 
a little. He admits that it gives maximum discharge " but at the exf)ense of kinetic 
energ>', that is, of the kinetic energ}' effective in aji axial direction." The results 
of Rateau's experiments seem to show, however, that the efficiency of a co?iver,qeui 
nozzle suitably rounded is unity. If any loss does result from a rounded entran( t- 
which is too large it is probably of negligible amount. Some conclusions drawn 
from Rosenhain's experiments reported in Proc. Inst. Civil Evi^ineers, vol. 140, 
may be of interest in this connection. A scries of experiments was made with vari- 
ous nozzles working from 20 pounds to 200 pounds per square inch gauge ])ressua' 
with atmospheric exhaust. The most efficient form of nozzle up to alxiut 80 |)ounds 
gauge pressure appears to be a y)lain orifice in a thin plate^ as measured by nozzle 
reaction (see page 58), but this dr^es not imply that such a form is the best nozzle 
for a turbine under similar condition>. With this kind of oriiice there is too much 
spreading of the jet, and the internal eddies and whirls are too violent for useful 
application at the point where the jet strikes the turbine vanes. 
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It has been shown by Stodola's experimentB thai the difference 
in pressure between the outer and inner portions of the jet inside 
a nozzle of approximately correct design are practically negligible. 
The conclusion is, therefore, that the jet always completely fills 
the nozzle, and that there is no " zonal formation," meaning 
an outer zone moving at a different velocity from the inner one, 
although there is certainly a 
considerable amount of fric- 
tional dragging of the steam 
at the surface. Obviously, of 
course, the statement docs not 
hold for absurdly diver^ng 
forms of nozzles, and in such 
cases the steam leaves the 
walls with apparently much 
loss of velocity as in the ex- 
ample shown by Fig. 25, 

Stodola obsen'ed also that 
in any nozzle the pressure 
usually falls in the vicinity 
of the throat to consider- 
ably less than the discharge 
pressure, with a sudden rise 
immediately after the fall. 
This effect is shown by 
pressure curves in Fig. 26, plotted from Stodola's data taken 
in a divergent nozzle like the one represented at the top of 
this figure. Similar effects, only more pronounced, observed in 
a straight non-expanding nozzle with rounded inlet are shown 
in Fig. 27. Here also a sudden drop below the discharge 
occurs; and, peculiarly, the point of depression progresses along 
the axis of the nozzle as the pressure decreases. Very pro- 
nounced oscillations are set up which extend even into the 
exhaust space for a distance of about one and a half times the 
length of the nozzle. The oscillations are apparently most 
\iolent for the middle range of pressure, and tend toward a 
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Fig. 26. — Experiments with an Expand- 
ing Nozzle Showing the Effeci of Vary- 
ing ihe Final Pressure. 
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perfect 



I \/^ \o 



minimutn when the lower pressure approaches 
vacuum. 

Id the divei^ent nozzle, however, there appear to be no internal 
oscillations of pressure after those at the throat have died out. 

The size and most likely also the shape 
of the external space has a considerable -. ^ ■, 
■ effect on these oscillations of pressure. I ! 

Jude states in this connection that 
there is a greater loss in velocity, due 
to oscillations or eddies, in a square or < "" 
rectangular nozzle than in a circular ^ 
one. Recent experience with nozzles J 
of this type does not bear out this ^ k 
statement, except in the case probably i 
of square or rectangular nozzles with " 
no rounding at the edges. An efficiency 
of 97 per cent, is not unusual for prop- 
erly designed square and rectangular Fir.. 17. — Experiments wiih 
shaped nozzles without any " square " * Nonexpaiiding NohI 
edges; and circular nozzles have certainly 
never given 99 per cent, efficiency. 

Under- and Over-Expansion. The best efficiency of a nozzle is 
obtained when the expansion required is that tor which the nozzle 
was designed, or when the expansion ratio for the condition of the 
steam corresponds with the ratio of the areas of the mouth and 
throat of the nozzle. A little under-expansion is far belli^r, how- 
ever, than the same amount of over-expansion, meaning that a 
nozzle that is too small for the required expansion is more eflicicnt 
than one that is correspondingly too large.* Fig. 28 shows a 

* II is a very gixxl mrthud. iinil onr [iflcri iiilupU'it, lo tli-siKn miz/.les sii ilint 
u the ralcd capacity tlie nozzles uniler-rx|>:inil at li'asl lo \»t cent., and matlir 
10 per cent. The loss for these conditions ia insignificant, anil the nozi-.lcs inn 
be ran for a large overload (u-ith inrrease<l pressures) in nearly all ty])cs «illii>ut 
immediately reducing (he elficiency \-er;- niuch. This applies espei-ially lo tur- 
tiincs govemeil by cutting out nozzles in Iho first *lage («-c iia^e 2ii) and «ilh no 
(onliol of the nozzles in the other stages. L"nder-f\pansioii (iuc in a ihrolllinR 
governor is also an important condition affecting the eflicii'ncy of no/^les. 



Showing the Effect 
Varying the Final Pressure, 
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curve representing average values of nozzle loss used by various 
American and European manufacturers* to determine discharge 
velocities from nozzles under the conditions of under- or over- 
expansion. This curve will be referred to again in connection 
with the design of blades and is very useful to the practical 
designer. 

Non-expanding Nozzles. All the nozzles of Rateau turbines 
and usually also those of the low-pressure stages of Curtis turbines 
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Fio, 38 — Curve of Nozzle Velocity Loss. 

are made non-expanding; meaning, that they have the same area 
at the throat as at the mouth. For such conditions it has been 
suggested that instead of a series of separate nozzles in a row a 
single long nozzle might be used of which the sides were arcs of 
circles corresponding to the inside and outside pitch diameters 
of the blades. ,\dvantages would be secured both on account of 
cheapness of construction and because a large amount of friction 
against the sides of nozzles would be eliminated by omitting a 
number of nozzle walls. Such a construction has not proved 
desirable, because by this method no well-formed jets are secured 
and the loss from eddies is excessive. The general statement 
may be made that the throat of a well-designed nozzle should have 
a nearly symmetrical shape, as for example a circle, a square, etc., 
rather than such shapes as ellipses and long rectangles. The 
•C. P. Sieinmi-tz, Prw. Am. Soc. Mtfh. Eiiginerrs, May, 1908, page 6z8. 
A, Jude, The Theory of Iht Steam Turbine, jiagc 31), 



NOZZLE DESIGN 5 1 

diape of the mouth is not important. In Curtis turbmes an 
appioziinately rectangular mouth is used because the nozzles are 
placed-dose together (usually in a nozzle plate like Fig. 114) in 
Older to produce a continuous band of steam; and, of course^ by 
usmg a section that is rectangular rather than circular or elliptical, 
a band of steam of more nearly uniform velodty and density is 
secured. 

Fig. 29 shows a number of designs of non-expanding nozzles 
used by Professor Rateau. The length of such nozzles beyond 






Fig. 29L— *Ratean Non-opanding Nozzles. 

the thioat is practically negligible. Curtis non-expanding nozzles 
are usually made the same length as if expanding and the length 
is determined by the throat area. The Curtis nozzles made in 
Germany are a little shorter than the length calculated by 
formula (7). 

ICaterials for Nozzles. Nozzles for saturated or slightly super- 
heated steam are usually made of bronze. Gun metal, zinc 
alloys, and delta metal are also frequently used. All these metals 
have unusual resistance for erosion or corrosion from the use of 
wet steam. Because of this property as well as for the reason 
that they are easily worked with hand tools * they are very suitable 
materials for the manufacture of steam turbine nozzles. Super- 
heated steam, however, rapidly erodes all these alloys and also 
greatly reduces the tensile strength. For nozzles to be used with 
highly superheated steam, cast iron is generally used, and except 

* Nozzles of irregular shapes are usually filed by hand to the exact size. 
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that it corrodes so readily is a ver}' satisfactor}' material. Com- 
mercial copper (about 98 per cent.) is said to have been used with 
a fair degree of success with high superheats; but for such con- 
ditions its tensile strength is vcr}' low. Steel and cupro-nickel 
(8 Cu + 2 Xi) are also suitable materials, and the latter has 
the advantage of being practically non-corrodible. 



SUPERHEATED STEAM. 

In the following pages the important properties of superheated 
steam with which the modem engineer must deal will be briefly 
discussed. It is generally recognized that a gain in steam economy 
results from the use of superheated steam in either steam turbines 
or reciprocating engines, but an accurate analysis of tests for the 
actual gain in economy of a plant is very difficult because there 
are so many factors entering. The peculiar circumstance, also, 
that water can exist indefinitely in the liquid state in the presence 
of superheated steam, makes conclusions from experimental data 
often uncertain. 

Flow of Superheated Steam through Nozzles. The discharge 
of superheated steam from a nozzle is one of the most important 
subjects of which the engineering profession generally has no 
correct data. The author has observed in his practice again and 
again that the formulas ordinarily given for the flow of super- 
heated steam were not correct and more reliable data had to be 
found. The formulas given here were actually determined from 
the data of Lewicki^s experiments with a 30-horsepower De Laval 
turbine * but was later checked with a great mass of data in the 
possession of the General Electric Company. The precision 
with which the formula applies to Lewicki's data is shown in the 
table given on the next page. 

A formula was desired to express the flow of superheated steam 
discharged from a nozzle in the form of formula (3) for the flow 
of dry saturated steam, together with a suitable coefficient to 

* Zr//. Verein deiUsclier Ingenicurry April 4, 1903, page 494. 
MitUihiftgrn Hber Forsrhum^stirbciten, Heft 12 (1904), Zalentafel 25. 



NOZZLE DESIGN 



53 



correct for the effect of superheat. A formula of this form is 
expressed by 



F = 



Ao= 



60 (l -h .00065 ^) 

60 F (i-h .00065 D) 

P .87 



f or 



(8) 



(80 



where F is the weight in pounds of superheated steam discharged 
per second, A© is the area of the smallest section of the nozzle in 
square inches, Pj is the initial pressure in pounds per square inch 
absolute, and D is the superheat in degrees Fahrenheit.* 

Lewicki's data for the tests f given below were in metric units 
but are recorded here in the corresponding English units. 

Initial pressure P^ = 99.25 pounds per square inch absolute. 

Final pressure Po = 14.6 pounds per square inch absolute. 



Number of Test. 


I 

386.6 

59.6 
882.0 
1.038 

017.0 


2 

463.1 
136. 1 
837.0 
1.089 

910.0 


3 

491.9 
164.9 

824.0 

1. 107 

911 .0 


4 

529-7 
202.7 

804.0 

1. 132 

QIO.O 


5 

592.7 

265.7 
778.0 

I. 173 
914.0 


6 

619.7 
292.7 
776.0 
I. 190 

QIO.O 


7 

703.4 
376.4 

735 -o 
1.245 

914.0 


8 


Temperature of steam, degrees F. 

Superheat, degrees F. (D) 

Flow, pounds per hour (tests) . . 
(i + .ooo6t: D) 


723-6 
396.6 
729.0 
1.258 

Q16.O 


Flow, pounds per hour, corrected 
by formula (8) to equivalent 
flow of dry saturated steam . . 



Volume of Superheated Steam. Thermod\Tiamic relations 
show that the flow of superheated steam is inversely proportional 
to the square root of the specific volume^ so that from the 
author's equation for the flow of superheated steam (8) the fol- 
lowing formula for the specific volume is easily obtained : 



v, = (i -I- .00065 ^y V, 



(9) 



♦ It is stated that Mr. A. R. Dodge has shown practically the same results from 
the Newport tests of a Curtis turbine reported by Mr. G. H. Barrus. 

^ MiUeUungen aher Forschungsarheiten, Lewicki, Heft 12 (1Q04), Zalentafcl 25. 

X This relation is discussed by the author in Mfchanical Engifieer (London), 
Aug. 24, 1907, page 277, and in the Harvard Engineering Journal, June, IQ07, 
page 36. Compare with Stodola, Die Dampfturbinen, 3rd ed., page q. 
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where Va is the volume in cubic feet of one pound of superheated 
steam, v is the volume in cubic feet of one pound of dry saturated 
steam at the same pressure as for v«, and D is the superheat in 

« 

Fahrenheit degrees.* 

Available Energy of Superheated Steam. Iii the following 
paragraphs the significance of the entropy-temperature curves for 
superheated steam will be explained, and it will be shown also 
how they are to be used to determine the available energy and the 
corresponding theoretical velocity resulting from adiabatic expan- 
sion in a nozzle. 

Specific Heat of Superheated Steam. In modem practice, 
superheated steam often enters our calculations and a troublesome 
modification of the entropy diagram results. The difficulty 
arises because the specific heat of superheated steam is not at all 
accurately known. The diagrams in the appendix are calculated 
for the specific heat determinations by Knoblauch and Jakob.f 
The specific heat of steam varies with the temperature and pres- 
sure as shown in Figs. 30 and 31, giving values of the mean and 
the true specific heat at constant pressure {Cp), 

True specific heat represents the ratio of the amount of heat to 
be added to a given weight of steam at some particular condition 
of temperature and pressure to raise the temperature one degree 
to that required to raise the temperature of water at maximum 
density one degree. The mean specific heat is almost invariably 
used in steam turbine calculations. 

Entropy Diagram of Superheated Steam. The graphic repre- 
sentation of the heat added during the superheating of steam 
is easily accomplished with entropy-temperature diagrams. 
Fig. 32 shows the same diagram that represented dry saturated 
steam in Fig. 12, with the added area EHJF to show the super- 
heating from the temperature, T^ corresponding to the pressure 

♦ This formula gives values of specific volume representing a fair average 
of results obtained from the formulas of Zeuner, Tumlirz, Knoblauch, and Schmidt 
(based upon Hirn's experiments). 

t Zeit. Verein deutscher Ingenieure^ Jan. 5, 1907. Values of mean specific 
heat are taken from Mechanical Engifteer, July, 1Q07, and Professor A.M. Greene's 
paper in Proc. American Society of Mechanical Engineers^ May, 1907. 
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T, to tite temperature of the superheated steun, T,. Tbe total 
hnt in a pound of steam above the freezing point is now repre- 
sented by the area OBCEHJFO. For adiabatic czpan^on of 
.tapobeated steam at the temperature T« and pressure P^ to a 
pmsure P, the aTailaUe energy is the area CEHKL. 
Too much calculation is involved in the construction of entropy 
to make a new diagram for every particular case from 
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Fic. 30. — Mean Values of Cp Cakdated by Integration from Knoblauch and 
Jakob's Data. 

the properties usually found in steam tables; but ihc construction 
of such diagrams should be understood. From the explanations 
that have preceded, the construction of all the lines except EH 
should be obvious. This line is obtained by calculating the 
entropy of superheated steam for various values of temperature 
from the following well-known relations: 

or *.-#,- C„ [log, |-*1 - 2.3028 C„.(log„ T. - log,, 2-,), 



$6 THE STEAM TURBINE 

where Cpm is the mean value taken from the cun'es in Fig. 30 for 
the temperature T., 

General Renuirks Regarding Nozzles. Finally it may be stated 
that there is practically no difference in the efficiency of the nozzles 
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Vli; 51, V.ilii.'S "f llie "Tniii " Siicciiii; Ileal of Supethealed Sleam. 

e,: la i»mnHTii;il tiirl>iiu-s if llii-y liavc smooth surfaces and 
c -Ntvrtv dfsij;m'il for llic airrwl ratio of the area at the 
Bo»£ W.^4l at llif nioiiili, and if ilic length is not made much 
I&. aan^ ».■< iwori- ili:in ]HissiI)ly twice that calculated by 
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WTiether the nozzle section is throughout circular, square, oi 
rectangular (if these last sections have rounded comers) the 
efficiency as measured by the velocity will be about 96 to 97 per 
cent., corresponding to an equivalent energy efficiency of 92 to 94 




- Enlropy-Temperalure Diagram fur Supi 



per cent. Speaking commercially, therefore, it docs not seem l<> 
be worth while to spend a great deal of time in the shojjs to make 
nozzles very exactly to some diiTicuit shape. Simpler and more 
rapid methods of nozzle construction should be inlrothiccd. Jn 
some shops the time of one man for two days is required for the 
hand labor alone on a single nozzle. 

Similarly to the equations for avaikl)le ener}ry on page 23 
for dry saturated steam and on page 26 for wet steam, the 
available energy £„ for superheated steam is wlien the fmal con- 
dition is " wet ": 

E„ = Hi - Hi + C,™ (T. - T,). 

When at the final condition it is superheated, then 

E„ = i?, - /72 + C;™ (T. - r,) - c™. (r/ - T~), 

where other symbols are used as before and T, is initial tem- 
perature and T,' is the final temperature when superheated. 



CHAPTER IV. 

STEAM TURBINE TYPES AND BLADE DESIGN. 

All the types of both water and steam turbmes are commonly 
divided into two general classes, designated by* the descriptive 
terms impulse and reaction. Without further explanation, these 
terms, as they are used in turbine practice, would be very mislead- 
ing, because practically all commercial types of steam turbines 
operate by both the impulse and the reaction of steam. Long 
usage, however, has determined the accepted meaning of these 
lenns and it b useless now to try to change them. Brieflyi the 
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.Impnlae 
Force 



^j. — Impulse of a Jet Exerted on a Flat Surface. 




known as impulse and reaction will first be 
coUowcd by an explanation of the technical sig- 
?nn^ as they are used by engineers. 
vSMBflfflBtercial types of steam turbines the blades 
58 
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«ie moved by both the impulse and the leacdon o{ impin^g 
steam jets issuing bom noxzles (see Fig. a) or passages essentially 
equivalent to nozdes. According to the older school of scientists, 
irtio have handed down to us the classification of turbines men- 
timed above, an impulse is a force acting in a " forward " direc- 
tion, and a reaction is a " backward " force, relative to the 
ioinilae and equal to it in magnitude. Vlg. 33 is a ample con- 
aete UlnalnStoii of both Impulaa and reaction. A suspended 
tutk filled with water is shoi^n from which a jet issues through a 
s upon a flat board hung oppodte. As the 




Fio, 34. — ImpaUe of a Jet Exerted on a Curved Surface. 



result of the pressure due to the jet, the board will obviously move 
to the right. As the jet issues from the nozzle it exerts at the 
same time a reaction on the tank causing it to move to the left.* 

♦ The pressuTE on the walls of a tank al any point depends on Ihc height of tho 
water above tluit point ("the head") and upon the density of the fluid. When 
a fluid cKspei From an opening in the tank there is no resistance at th.it pgint to 
presauie, and the unbalanetd force exerted on the walls directly opposite will 
tend to move the tank in the direction opposite to that of the escaping jet. Tlic 
greater the "head" and the density the greater will be the velocity of the issuing 
fluid and the icactnin on the tank. 
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stationary so that the blades could not move, the steam would 
leave them in a direction nearly parallel to the shaft. The only 
force, therefore, that is effective for moving the blades is the 
impulse. 

Fig. 36, on the other hand, shows blades with nearly 180 degrees 
curvature which turn the steam back on itself on leaving. The 
wheel is thus moved first by the impulse force of the steam exerted 
on the blades in the direction of flow, and then by its reaction. A 
blade turning the steam through less than 90 degrees like the one 
in Fig. 35 will exert only about half as much pressure as one turn- 
ing the steam through nearly 
180 degrees like the one in 
Fig. 36. 

A turbine wheel which 
would be called a reaction 
type is shown in Fig. yj. It 
differs from the one in Fig. 36 
chiefly in the blade section B, 
shown at the top of the draw- 
ing. In this type the expan- 
sion of the steam in the noz- 
zle is only partial, and the 
blades are made so that part 
of the expansion occurs in 
them. In the types shown 
in Figs. 35 and 36, on the 
other band, all the expansion 
is in the nozzles, with no ex- 
pansion at all in the blades.* 

The amount of expansion of the steam in the blades marks, 
therefore, the essential difference between the two important 
types of steam turbines illustrated by Figs. 36 and 37. In im- 
pulse turbines there is no expansion in the blades, while in 

• The turbine wheel iUustrated In Fig. 37 is not, however, typical of commercial 
" reactioD " types in which there are oEien a hundred or more pressure stages. 




Fic 37. — Simple Reaction Wheel. 
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reactioa turbines " expanding " blades arc used, with the result 
that some of the kinetic energj- of the steam is changed to 
velocity in flowing through them. 

From the explanation that has preceded it is obvious that both 
of the types represented by the last two figures operate by both 
impulse and reaction. 

Impulse and Reactioa <tf Fluids. The kinetic energy* of a 
fluid jet discharging from a nozzle may be regarded as produced 
by a constant impulse force I acting upon a weight W of the 
fluid discharged for one second. During this second the velocity 
has changed from zero to V feet per second and has gone through 
a space of j V feet. The work done by this force in producing 

V 
the kinetic energy {K foot-pounds per second) is I X - , which 

WV* 

ir 

We nave then — = 1 



In practice the principal distinguishing feature of reaction turbiiies is the a[^ia- 
tion of stationary blades for partially expanding the steam. The rest of the ex- 
pansion takes place in the moving blades. 

It is sometimes stated, although inaccurately, that the an{^es of the tmnimt 
blades may be used as a criterion for distinguishing the two types. AccfKding to 
these authorities, the moving blades of impulse turbines are symmetrical like Fig. 36, 
and those of reaction titfbines resemble in contour those of Fig. 37. In many 
cases the rule could probably be applied, but there are also many exceptions. There 
are some blades made for Curtis turbines which are not neariy symmetrical, and 
Qo one would call a Curtis turbine a reaction type. 

The difference between impulse and reaction turbines can be very ea^y shown 
experimentally by putting a pressure gauge between the nozzle and the wheel. In 
the Impulse type, because the expansion is completed in the nozzle, it wilt be found 
there is no drop in the pressure at the steam in passing through the blades; but in 
the reaction lype the gauge will record a higher pressure than that in the casing. 

As these words " impulse " and " reaction " are used at the present time there 
is really little comicction between the usual meaning of the words and the ideas 
they are to con\'e>' in regard to steam turbines. Actually all commercial steam 
turbines wot\i b;' impulse and by reaction. .\ German writer has used instead 
of " impulse " and '' reaction " (he more accurate words, " gleididruck " and 
" ungleichdruck," meaning " equal pressxire " and '' unequal pressure," which to 
the author «ccm much more ajipropriale. 
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In the first prindpies of phj'sics it was learned that impulse 

and reaction were ^' equal and opposite/' so that if the reaction 

WV 
is represented by R in pounds, then R = I = • 

Example. If the vessel shown in Fig. 33 discharges 10 poimds 
of water per second at a velocity of 322 feet per second, what is 
the force I (impulse) pushing the wooden block away from the 
vessel? Ans. 100 pounds.* 

Also what' is the force R (reaction) pushing the vessel itself 
toward the left? Ans. 100 pounds. 

Example. If water is discharged against flat blades of a 
water wheel made up of vanes similar to the block shown in 
Fig. 33 at the rate of 32.2 pounds per second at a velocity of 
200 feet per second and is spattered from the wooden blocks 
with a " residual " velocity (leaving the vanes) of 100 feet per 
second, what horsepower is this water wheel capable of devel- 
oping? 

Sduiion. Calling the " residual " velocity V2 we have 

^ W(V^- Vi") 32.2(200^-100^) ^ ,^ ., 

A = — ^ ^ == *^ ^^ ^ = 15,000 ft.-ibs. per sec, 

2g 2 X 32.2 

Is.OOO , 

or -^ =27.27 horsepower. 

WV- 



The maximum theoretical horsepower of the wheel is 

2 ^ X 550 

if the water is discharged at zero velocity. We have (in this 

V ^2.2 X 200^ 20,000 ^ ^ 1. 

case) -^ = , or 36.36 h.p. 

^ 2 X 32.2x550 550 

The efficiency of the (blades of this) water wheel is therefore 

27.27 

-t~7 = -75 «r 75 P^^r ^'^nt. 

30.30 

Example. Steam discharges from a nozzle at the rate of 
3.542 pounds per second with a velocity of 4000 feet per second 
against the blades of a steam turbine and leaves them with a 

* It is assumed that the water leaves the hloik. with practically no \elucily, 
that is, all the velocitj' is absorbed in producini; the imj)ulse force. 
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velocity of 1000 feet per second. Neglecting frictional losses, 
what is the maximum horsepower that this turbine wheel can 
develop? Calculate the efficiency (percentage) of the blades in 
this turbine. Ans. 1500 horsepower; 93.75 per cent. 

Example. The steam discharging from the blades of the 
turbine wheel in the last exercise is finally directed upon the 
blades of a second turbine wheel. Assimiing there has been no 
loss of velocity in passing from one turbine wheel to the other 
and that the steam leaves the second one at 100 feet per second, 
calculate the maximum horsepower that could be developed in 
this second turbine wheel and the efficiency of its blades. 

Ans. 99 horsepower; 99 per cent. 

Example. If we consider the two turbine wheels mentioned 
in the two preceding exercises as combined in a single turbine, 
what would be the total horsepower of the turbine and the 
over- all efficiency if frictional and other losses are neglected? 

Ans. 1599 horsepower; 99.94 per cent. 

Suggestion. The same result could have been obtained by 
calculating the total kinetic energy of the combined wheels, 
using V = 4000 feet per second, V2 = 100 feet per second and 
W = 3.542 pounds of steam. 

Example. Remembering that impulse and reaction are equal 
and opposite, what is the force of the reaction against the plate 
supporting the nozzle required to give a velocity of 4000 feet 
per second to a flow of 3.542 pounds of steam per second? 

Ans. 440 poimds. 

WV 

Suggestion, Reaction = impulse (/) = 

o 

Example. The area of a nozzle is .322 square inch. How 
many pounds of steam per second having a density of .144 pound 
per cubic foot must be discharged from the nozzle in order to 
exert a pressure of 90 pounds against a plate suitably designed 
to turn away the steam with zero velocity? Ans, .966 poimd. 

Suggestion. In this case all the velocity is absorbed in produc- 
ing the pressure (impulse) upon the plate. 
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Substituting the values given in the example and substituting 
in the equation for impulse, we have ^ 

TJ/ . 322 X V X .144 T7 

W = "^ ^^ = .000322 V, 

144 

r WV .000322 V^ T79 

/ = = "^ = .00001 v^, 

g 32.2 

and since the impulse is 90 pounds, we have 

.00001 F^ = 90 pounds 
V^ = 9,000,000 
V = 3000 feet per second. 

Substituting this value of V in the equation at the top of the 
page, 

W = .000322 X 3000 = .966 pound per second. 

Example. Steam of the same density as in the preceding 
exercise discharges at the rate of 3478 pounds per hour and pro- 
duces a reaction against the plate into which the nozzle is in- 
serted of 90 pounds. What is the velocity of discharge? 

Ans. 3000 feet per second. 

EXAMPLES OF IMPULSE TURBINES. 

A simple impulse turbine is represented by diagrammatic draw- 
ings in Fig. 38. In the shaded drawings in this figure, ** Section 
A " is made by a plane cutting one of the blades and passing 
through the center of the shaft. The other view, ^* Section B/' 
shows a section made by a plane parallel to the shaft and passing 
through the center of one of the nozzles in the turbine. In the 
same figure, Curve I shows the decreasing pressures in the nozzle 
and the constant pressure through the blades. Curve II shows 
similarly the velocity changes. In the nozzle the steam velocity 
increases as the pressure falls, while in the blades the velocity 
of the steam is absorbed in moving the wheel. This simple 
impulse turbine represented by these diagrams is typical of the 
De Laval type. These turbines have always a single set of 
nozzles and one row of blades. 
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Fig. 39. — Diagiami of an 
Impulse Turbine with 
Two Velocity Stages. 
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In Figs. 38, 39, 40, and 41 illustrating the important types of 
steam turbines, the direction of the flow of the steam is marked 
by the symbol c/)— > and the motion of the blades by w-*. The 
monng blades are shown by solid black to distinguish them 
from the stationary blades, which are indicated by cross-hatching. 
A modification of the simple impulse type is shown in Fig. 39. 
The drawings marked " Section A " and " Section B " show a 
turbine with two moving blade wheels and a set of stationary 
<< intermediate " blades. The stationary blades are merely guides 
for changing the direction of the steam so that it will enter 
the second ^et of moving blades at a suitable angle. Two blade 
% wheels are used instead of one in order to make it possible to use 
eflSciently a lower peripheral speed for the moving blades. The 
reasons for this statement will be discussed in another part of 
this chapter. The curves at the top of the figure show, graph- 
ically, the relation between pressure and velocity. Curve III 
shows the sudden fall of pressure in the nozzle and the constant 
pressure through the three rows of blades. Curve IV shows first 
the rapid increase in velocity as the pressure falls, and then the 
gradual loss of velocity in the moving blades as it is given up in 
doing work. Velocities represented in Curves II and IV are 
drawn approximately to the same scale. A comparison shows 
that the reduction in velocity of the steam in the first wheel as 
represented in Curve IV is only about half that for the single wheel 
in Curve II. The arrangement of blades represented in Fig. 39 
makes possible comparatively low blade speeds with initially 
high steam velocities. This method of increasing the number of 
rows of blades is often used with three rows of moving blades and 
two "intermediate" (stationary) rows; and even four rows of 
moving blades have been used. Not much advantage, however, 
has been shown from the use of the third and fourth rows of 
moving blades, and this construction has been generally abandoned . 
Turbines of this type are often spoken of as having velocity stages, 
the number of velocity stages being the same as the number of 
rows of moving blades. 
The Curtis turbines, made by the General Electric Company, 
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are the best examples of the type illustrated by Fig. 39 with several 
rows of blades following a set of nozzles. In the latest designs 
of the larger sizes of these turbines there are two rows of moving 
blades and one set of " intermediate " blades for each set of 
nozzles, so that the arrangement showil in Fig. 39 is typical of 
these designs.* 

In Fig. 40 another distinct tj'pe of steam turbine is illustrated. 
The left-hand half of this figure represents a single impulse wheel 
as in Fig. 38 and the right-hand half is practically a duplicate of 
that on the left. In this construction each of the halves — a 
single nozzle or set of nozzles with the blades following — is called 
a pressure stage, or very commonly it is called simply a stage. 
The difference between the operation of this turbine and the 
single impulse wheel in Fig. 38 is best shown by comparing the 
pressure and the velocity curves at the top of the two figures. In 
Curve I, showing the pressure for the single impulse wheel, the 
slr^m drops from the boiler pressure to that of the exhaust in a 
single nozzle, that is, in a single stage. In Cur\'e V of Fig. 40 
there is about equal reduction of pressure in each of the two 
noxxk'St and the velocity change, as Curve VI shows, is about 
the s»me for each of the two stages. This figure represents, 
viU^nj^mnuiticulIy, a number of types that are more complex. 

It stHHikl Ih* mentioned here that there are often two or more 
jjEOupo^ of wois^les and hladts, each like Fig. 39, in succession (cf. 
¥J^* I wV Kach of those groups is then called a stage. In other 
^mifek iIh*' ftisl set of nozzles and all the rows of blades up to the 
^Mvio^dfe make the first stage, and so on. This last arrangement 
is^;;i^KMJi ^rf the l^irtis turbines with more than one pressure 
mU the vtirious Kateau designs. 

jiK^^wn m **S*mUoi\ A'* of Fig. 39 have the same height on the 

*>3A^ ^ICA. U i^, howvviT, a very common practice to make the 

>4^ ^ ^"^telW^H^UMtv^ " Wudrs of Curtis turbines a little higher than 

'^^tt^H^M^ 1^ im'nMiMr the cross-sectional area and thus allow for 

jMt V^ (vkikMi mihI cHklics, and thereby prevent " choking " 

il^ ihltvlsHK' A Unic cx|Mnsion in these blades. 
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The Rateau turbine has from 20 to 40 pressure stages, with a 
set of nozzles and a single Uade wheel for each. The drop in 
pressure is then, of course, comparatively small in each stage. 

REACTION TURBINES. 

The anangement of blades in the well-known Parsons turbine 
isiOustntted in Fig. 41. This is the typical modem reaction tur- 
kioe. There are no nozzles. The steam flows from the boiler 
into the "admission space" of the turbine (see '' Section A") 
with practically no velocity. From this space it enters the first set 
of stationary blades, where it expands and attains some velocity 
as the pressure drops. Curves VII and VIII show the change of 
velocity with change of pressure. When the steam leaves the fixed 
blades it enters immediately the first set of moving blades. Here 
it expands again ; but at the same time some of the velocity from 
the expansion is taken away, or, in other words, the velocity is 
reduced in. moving the blade wheels. The pressure and velocity 
curves show plainly what happens in turbines of this type as the 
steam passes alternately through the fixed and moving blades, 
expanding in every row till it escapes in the exhaust. There is 
here considerable expansion in the moving blades, and conse- 
quently because the pressure is not the same on both sides of these 
blades it is called a reaction turbine. All the other three types 
(Rgs. 38-40) are impulse turbines, because the pressure is practi- 
cally the same on both sides of the moving blades. 

We should observe here that all the possible simple combina- 
tions have been mentioned except the case of expansion only in 
the moving blades and with no expansion in the stationary parts. 
Such an arrangement would be feasible but has probably never 
been used. 

In a reaction turbine any two rows of blades, the first stationary 
and the second moving, make a pressure stage. In a Parsons 
reaction turbine there are sometimes more than a hundred stages. 
Graphical Diagrams of Steam Velocities. A velocity diagram 
representing graphically the steam velocities in the passages of 
each of four types of turbines shown in Figs. 38-41 is represented 
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at the bottom of each of these figures. These diagrams, in the 
shape of velocity triangles, are represented here with the nozzles 
and blades in their proper order. In practical designing, how- 
ever, this pictorial effect is omitted and only the triangles are 
drawn. The lines of these triangles show by their lengths the 
magnitudes of the blade as well as the steam velocities in the tur- 
bine. As all of these triangles are drawn to the same scale, they 
show how different the velocities are in the four types. In each 
case the blade speed (V/,) is taken at about the value that has been 
found by experience to give the best efficiency. Such velocity 
diagrams arc used by engineers for determining the best relation 
between the velocity of the blades and the velocity of the steam. 
In order to interpret such diagrams intelligently the significance 
of absolute and relative velocities * of the steam must be clearly 

* This distinction between absolute and relative velocities should probably be 
made plainer for those who arc unfamiliar with these terms. A thorough under- 
standing of what is meant by absolute and relative velocities is very necessary to 
work intelligently with the velocity diagrams on which the whole theor>' of turbine 
practice dei)ends. Suppose a train is just moving otit of a station at the rate of 30 feet 
per second, and a man standing in the middle of the track behind the train throws 

a ball with a velocity of 40 feet per 
second through the back door of the 
last car. Then a passenger in the train 
will see the ball moving through the car 
at a velocity of only 10 feet per second. 
In this case the velocity of the ball, or 
40 feet per second, is its absolute velo- 
city with respect to bodies that are not 
moWng, and 10 feet per second is the 
relative velocity of the ball in the train. 
In this connection a slightly different 
case should also be considered. Sup- 
I)ose now the ball is thrown upon a 
boat nioWng in a stream at a velocity of 
30 feet i)er second by a man standing 
on the bank at P as represented in Fig. 42. Let us assume the absolute velocity, 
or the velocity with which the ball is thrown, as again 40 feet per second, but that 
now the path of the ball makes an angle of 20° with the direction of the moving boat. 
Then the relative velocity of the ball (IV) with respect to the direction of the boat is 
shown graphically by a triangle of N'elocities ABC in the figure, where i4C is the 
absolute velocity (V,) of the ball, BC is the velocity of the boat {Vb), and AB is 
the relative velocity (TV) of the ball with respect to that of the boat. 




B 



Velocity of Boat (V5) 




Fig. 42. 



STEAM TURBINE TYPES AXD BLADE DESIGN 69 

understood. An absolute velocity of a body is its velocity with 
respect to immovable t)oints on the earth. A relative velocity is 
its velocity with respect to points that are also moving. 

The direction of the line representing the velocity of the 
steam relatively to the blades should be such that the lines of 
flow of the steam enter the blade tangentially to the conven- 
tionally straight portion of the back of the blade (see Figs. 43, 
49, and 50). If the backs of the blades are made to any other 
angle there will be losses due to impact and eddies. 

EFFICIENCY OF THE BLADES OF IMPULSE TURBINES. 

In the velocity diagram in Fig. 38, the initial velocity of the 
steam entering the nozzle is marked Vi, the velocity in the 
throat is Vq, and the absolute velocity of the steam as it leaves 
the nozzle and enters the blades is Vo, making an angle a with the 
direction of motion of the blades. The velocity of the blades 
Vfr, which is the peripheral velocity of the wheel, produces a 
** relative " velocity of the steam in the blades V/i, The angle 
/3 shows then the theoretical " entrance " angle for the blades 
that the steam may enter without loss of velocity due to shock 
or impact. These angles a and fi are marked plainly in the draw- 
ing of " Section B." The relative velocity of the steam leaving 
the blades is represented by V,3. Often the blades for impulse 
turbines are made symmetrical, so that the angle 7 on the 
'* exit '* side of the blades is equal to the angle /3 on the *' en- 
trance " side. The absolute velocity of the steam leaving the 
blades is found by geometrically subtracting again the blade 
velocity V^. The velocity of the blades is always subtracted a 
second time, because the direction of the steam has been reversed 
in passing through them. The steam is discharged with the 
absolute velocity V3, which is called commonly the " residual '* 
velocity. 

Conditions of Best Efficiency. The condition for the highest 
eflSciency of this simple turbine (Fig. 38) will now be discussed. 
The same velocities represented at the bottom of Fii^. j;8 are 
shown again with the addition of an enlarged section of a blade 
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in Fig. 43. The notation is the same as in Figs. 38-41. Vj and 
V3 * are the absolute velocities of the steam entering and leaving 
the blade, of which a shaded section is shown. V,« and Vrt are 




Fig. 43. — Velocity Triangles for an Impulse Turbine. 

the corresponding relative velocities of the steam as it passes 
through the blade. Now the energy in the steam is measured, 
of course, in terms of its absolute velocity, and is proportional 
to the square of its velocity.f The energy, then, in a poimd of 



steam entering a blade is — and on leaving is 



The energy 



2« 2g 

taken away by the blades is, therefore, — (V2* — Va*). Here g 

2g 

is the acceleration due to gravity (32.2), and for all practical 
purposes is a constant value. Energy converted into work in a 

* Observe that V2, Vs, V4, etc., indicate absolute velocities, and V^, Vri, V^, 
etc., are relative velocities. This relation should be of much assistance in reading 
the diagrams. 

The order in the use of subscripts follows the method used for the nozzles in the 
preceding chapters. The subscript i is still used to represent the initial condition 
of the steam as it enters the nozzles of an impulse turbine or the first row of sta- 
tionary blades in a reaction turbine, while the subscript o is for the condition 
at the throat of a nozzle. The first '* discharge " velocity either from nozzles or 
stationary blades is therefore represented by the subscript 2. 

t See discussion of kinetic energy and velocity, page 24. 



irf: 
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tuifaiDe dqpends then, theoretically, only on the term {Vt^ '— V$^). 
This tenn wOl have its best value, of couise, when V$ is made 
as small, as possible. The best fliaoretical conditioDa of blade 
^ ee d and stMon vdodtj are shown in the following discussion: 
In pnurtice it is usual to have given (i) the velocity of the 
steam entering the blades; (2) the '' nozzle angle " (the ai\g^e at 
lAkh the steam strikes the blades); and usually in impulse tur« 
bines still another condition, (3) that the entrance and exit angles 
(P and y) are equaL The velocities that must be considered for 
these amditions are shown in Fig. 43. Here Vs is the absolute 
vdodty of the steam entering the blades, the ai\g^e a is the '' noz- 
zle angje " and shows the inclination of the nozzle to the plane 
of the turbine wheel. V» b the perq>heral ydodty of the blades, 
▼,t and V,« are the rdative vdodties of the steam in the 
blades, and Va is its absolute velocity leaving the blades. By the 
conditions stated, Vt and the ai\g^e a are known, and wt are to 
flnd IliA moat aidtable Uade vdodty (V^* Also the an^e fi is 
eqpial to the an|^ % although the value of neither of these ai^g^es 
is assumed. The vdodties Vs, V», and Va wQl form one trianf^e 
ef filodtiMi and still anotfiar trianf^e la made with V^ V,«| and 
▼t» The comers of the latter triangle are marked i, a, 3, and 
ftom the geometry of the figure this triangle is obviously equal to 
the triangle I9 2\ 39 marked by cross-hatching. Now, if we as- 
sume fliere la no loss of vdodty due to friction and shock in the 
blades then Vf^ » Vf^, and the triangle i, a^ 3 can then be in- 
verted, and, putting the point 2' at 2, it can be made to join up 
with the triangle o, a, 3 which shows the initial velodties at the 
ui^r end of the blade. The base o, i of the new triangle o, i, 3 
is now equal to 2 F^ and we can write, by the "Law of Cosines j*' 
the equation 

V,« » V,« + (a V,)2 - 2 V2 (2 V5) cos a, (11) 

or Vt* - F,« = 4^2 n cos a - 4 V,\ 

V,«-V,« = 4V,(V2COSa-V,). (12) 

In this equation the term (F2* — Fa^), which is a measure of 
the energy taken away from the steam, is greatest when 4 F5 
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{V2 COS a — Fb) has its largest value; * or we get the maximum 
energy taken from the steam when 

Vfe = - V2 cos a, (13) 

2 

which is the condition when the line 3i i , or V3, is perpendicular to 
Vb, that is, when the steam leaves the blade perpendicular to the 
plane of the wheel.f 

The condition for which the last set of equations has been 
worked out represents the usual conditions in practice. That is 
the '* nozzle angle '^ is usually assumed (about 20 degrees), and 
the blade angles /3 and 7 are made equal. For this case equation 
(12), above, represents the best blade conditions, with the abso- 
lute velocity of the steam entering the blades (F2) and the 
velocity of the blades {V^ as the only variables. 

We can express the efficiency of the action of the blades by 
dividing the energy taken away in performing work by the energy 
represented by the velocity of the entering steam; thus, 

Energy taken away for work, or the actual work done = 

Total energy in the steam, which is a measure of the total work 

possible = — • 
2g 

^^ . actual work d one Vz^-Va^ V^- Vs'-Vs^ , , 

Efficiency = -— — - = -^ -^ = .-^ . (14) 

total work possible 2 g 2 g ^2 

Now, in equation (12) we have for the best conditions, 

F22-F32 = 4F5(F2COSa- F5). 

* If we make the substitution V^ — V^ = y, Vd = x^ K =^ Vt cos a, then for 
equation (12) we can write y = ^x{K — x) = 4 /Cx — 4 jc*. 
¥oT the maximum value of >», 

g = 4(/^-2.T)=0. 

X — \K^ or Vh = \Vt cos ot. 
t Without the calculus demonstration it is obvious that Fj* — Fa* is largest 
for given values of I '2, when Fj is smallest, and this is when the line 3,1 in the 
triangle 0,1,3 is shortest; or, in other words, when the direction of Vz is perpen- 
dicular to the direction of Vu- 
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Thon substituting this in equation (14), 



n^ . 4 Vft (V2 cos a — Vfc) 4 Vfc / Vft\ , ^v 

Bffioency = *^ \^, ^ = ^(cos« - ^). (15) 

If, further, the " nozzle angle '' a is 20 degrees, as is so com- 
mon in practice, then 

Efficiency = ^ (.940 - ~)- (16) 

The only variable left in this equation is the ratio --- , and 

^ 2 

it follows then that the efficiency of a single row of blades with 
a given nozzle angle and equal entrance and exit angles for the 
blades depends only on the ratio of the velocity of the blades to 
the velocity of the steam discharged from the nozzle. 

Impulse Force Due to Stream Flow Across Stationary Blades. 
In Fig. 43a a stream of fluid is shown impinging on a blade at 



j^nuic« 




Fig. 43a. — Stream Lines in Turbine Blade. 

A' where the direction of flow is horizontal and parallel to the 
contour of the tip of the blade. At A the stream exerts an im- 
pulse I in the direction of flow, and as it leaves the blade it exerts 
a reaction R, parallel to the direction of flow at the other end but 
opf)osite to the initial direction of flow. The component of R 
in the direction at which the stream enters the blade (horizontal) 
is R cos p, where fi is the angle the leaving stream makes with 
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its initial direction (horizontal). But since impulse is equal to 
reaction (see page 62), I = R. Consequently the total pressure 
upon the blade due to both impulse and reaction is 

I + R cos p or I (i + cos p). 

When the stream flow has been turned through 180 degrees 
in its passage over the blade, /3 = o, cos/3 = i, and the total 
pressure is 2 /. It has been shown (page 62) that 

g 
and therefore total pressure on the blade is 

- 2WV 

2I = • 

g ^ 

Also when /8 = 90 degrees, as is approximately the case in 
Fig- 33f cos /8 = o, and the total pressure is 

1 = 55^. 
g 

Impulse Force Due to Stream Flow Across Moving Blades. 

When velocities of blades are also considered the impulse of the 

stream entering the moving blade as in Fig. 43 is cos p. 

Similarly the stream leaves with the relative velocity V^i of which 

the component in the direction of motion of the blade is ^cos 

g 

WV 

of angle 3, i, 2', or (V^ - Vr3 cos 7). Total impulse is, 

g 

therefore, 

cos /8 H (Vfc- Vr3 cos 7). 

g g 

For further demonstration see Exercise 6 in Appendix. 

In Fig. 44 a curve is shown which has been calculated to repre- 
sent equation (16) for var>Tng values of blade speed (Vt) and 
with an initial steam velocity (F2) of 3,000 feet per second. The 
increase in efficiency with increased blade velocity should be 
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oliBTed, and that the htfiatt effldencj is obtained wbm the 
kUe ipMd (Tt) ii about halt the Tdod^ of the iteam dischaig«d 
&n ttw lumle (Vi)> This is a good nni^HUid-zeady rule to 
mamber. If, then, the steam velocity is 2,500 feet per second, 
the po^dieral velod^ of the blade wheel, for the highest effi- 
dtny, should be about 1,250 feet per second. For mechanical 
nuoDs it is difficult to construct tuitnnewbeeb tonmatq)eeds 
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Ac 44- — Curve of Effideacy of u Impulw TurUu irlth One Row of BUdn 
■od A Noide Aasle of so Dcgreei for Varying BUde Speeds. 

much greater than 500 feet per second, so that many designers 
w31 generally use low blade ^Keds to get velocities more suitable 
for commercial application, knowing well that in this respect 
tbey are sacrifidng their h^est efficiency. 

Li designing blades for turbine wheels the entrance and exit 
an^es (fi and t) should always be made as nearly as possible of 
the ^ze determined by the velocity diagrams. If the angles are 
made much different, there is a sudden change in the direction of 
the steam instead of a gradual chaise, with a consequent toss 
due to shock or impact. 

Effideu? of Velocity Stages. An impulse turbine with more 
than one row of moving blades in a single pressure stage (veloc- 
ity stage type) is represented by Fig. 39. The energy taken 
away from the steam for work, as expressed in equation (12), can 
be readily modified to suit this case. We should have observed 
that each time steam passes through a moving blade the blade 
velocity (Fj) is twice taken away {subtracted geometrically) 
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Efficiency = 



Efficiency ^ 



(.7) 



(■8) 
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in the velocity ,t!iagranis. If there are N rows of moving 
blades, 

V,* - V=,v + J = 4 NVfc (V, cos a - HVfc).* (12') 
And similarly (compare with equation 14, page yj). 

4NV,(VaCosa-WV„) _ 4 NV, / NV.> 

and for a 20-degree nozzle, 

4 NV, / NV,\ 

Efficiency of a Simple Impulse Turbine for Given Blade Speed. 

In the discussion of the maximum blade efficiency of impulse 
turbines which has preceded, the velocity of the steam entering 
the blades was assumed to be known and a suitable blade speed 
was determined in terms of the entrance and exit angles, which 
were" assumed to be equal. This is the problem which arises 
when a single-stage impulse turbine is lo be designed for given 
initial and final pressures. When, however, an impulse turbine 
of more than one stage is to be designed with a fixed blade speed 
(I't) of say 500 feet per second, t it is desirable to determine the 
* This can be shown geometrically very easily by the method illustrated at the 
hq) o( Fig. 43 »'bich will be here drawn for three rmi'S of moving blades. As in 





Vt is the velocity of ihc steam entering the first row of blades 
if^ :> Vh', 1>™ '° f'S- 45- 

Fi' = V"" 4- (6 Tj,)' - 3 I'a X 6 i't, cosB. 
Tf - II r* (('' COS tt - ,1 Tt); and [V - V^« = 4 NVb (C. cos «r 
f .V ■ Um number of rows of mo\ing blades.' 

_ .mm have a standard blade ^peed and all siiies of turbinei 

te tkb ftandud. The bkde speeds of impulse turbines vary from 

jKMid. The latter figure, it is stated, has been used success- 
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pressure drop in the first stage (and probably also in the second 
stage, depending on the action of the valve gear) to obtain the 
highest efficiency in this stage. This is because the best results 
are obtained in most types by getting a larger proportion of 
work from the first stage than from the other stages.* Efficiency, 
therefore, is a more important consideration in this stage than in 
the others. 

We have thus obtained a very simple form for calculating the 
efficiency of an impulse turbine; but it must not be overlooked 
that if the entrance and exit angles are not equal, and in the case 
of velocity stages if the exit angle of the stationary " interme- 
diate " blades is not the same as the angle at which the steam is 
discharged from the preceding blades, these formulas must be 
considerably modified and the result would not be nearly so 
simple. It should be observed also that all losses from friction 
and eddies have been neglected. These more practical con- 
siderations are discussed in connection with the examples of 
actual designs of blades on pages 85 to 96. 

EFFICIENCY OF THE BLADES OF REACTION TURBINES. 

As in the case of the impulse turbine, the expressions for energy 
and efficiency will now be derived for the reaction turbine, 
assuming again that there are no losses to be considered. We 
must remember that in the reaction turbine there are no nozzles 
for expanding the steam but that the expansion occurs in both 
the stationary and the moving blades, so that as the steam goes 
through the turbine its velocity is gradually and continually 
changing. 

We shall first consider a reaction turbine (Fig. 46) with only 
two sets of blades. As there are no nozzles, the first set is, of 
course, made stationar>'. The steam expands in going through 

* The reason for designing the first stage for the largest amount of work — 
from 25 to 50 per cent, more than in any of the other stages ~ is most apparent in 
turbines operated by ** cut-off" governing like the Curtis and Wilkinson turbines. 
This method of governing permits a constant standard pressure (presumably that 
giving the maximum efficiency) in the first stage at all loads, while with fluctuating 
loads the pressures will vary considerably in the other stages. 



78 THE STEAM TURBINE 

these stationary blades and attains the velocity Vj* when it 
reaches the first set of moving blades. The relative velocity with 
which the steam enters the moving blades is Yti. Now, in these 





V6 

Fig. 46. — Velocity Diagrams for One Stage of a Reaction Turbine. 

blades the steam is again expanded, so that just before it leaves 
the moving blades its relative velocity is V^, which is greater than 
V,2. The absolute velocity at which it is discharged from the 
moving blades is Vs, and we have the following energy relations: 

-^ = kinetic energy developed in the stationary blades, or the 

2g 

kinetic energy entering the moving blades. 
Y 2 _ y 2 
—2 = kinetic energy developed in the moving blades. 

2g 

— ^ = kinetic energy carried away in the discharged steam.1 
2g 

The actual work done on the moving blades is Wk == (kinetic 
energy of the steam entering the moving blades) + (kinetic en- 
ergy developed in the moving blades) — (kinetic energy carried 
away), or 

V-2 V 2 _ V ^2 V 2 

2g 2g 2g 

If the steam had left the moving blades with zero velocity, and, 
therefore, no energy had been carried away in the discharged 
steam, the energy available for work would be 

W^ = Xl+L2__V^ and (20) 

2g 2g 

* See note at the bottom of page 69 regarding this notation. 
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^ actual work done (19) ^V.^+V^^-V^^^Vs^ , . 
^ total work possible (20) Vj^+VV-V^^ -v y 

In the same way the efficiency can be calculated for any number 
of rows of blades. Equation (21) expresses the efficiency for 
only t?fo rows of blades — one stationary and one moving — or, 
in otiier words, for one stage. We shall now obtain the efficiency 
for three stages, that is, for six rows of blades. The correspond- 
ing velocity diagram is shown in Fig. 47. 

s 



•0 



■ m 




V6 

Fig. 47. — Velocity Diagrams for Three Stages of a Reaction Turbine, 
y 2 

— ^ = kinetic energy developed in the first stationary blades. 

yj _ y 2 

-^^ ^ = kinetic energy developed in the first movmg 

blades, 
y 2 
— ^ = kinetic energy developed in the second stationary 



blaaes. 

—^ ^ = kinetic energy developed in the second moving 

blades. 
y t 

— ^ = kinetic energy developed in the third stationary blades. 
^8 
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—^ — = kinetic encrgv developed in the ihird moving 

2 g 
blades, 

— ^ = kinetic energy carried away in the discharged steam. 

We obsen'e here that the velocities Vo] and Vt, are not lost but 
represent velocities that can be effective in the succeeding stages. 
For this reason their energies do not enter the discussion of 
effidency. The actal work in moving the blades is then 

Lag 3g J 2g 

Now, in designing a reaction turbine it is desirable to 
assume that the blade velocities and the corresponding angles 
of the blades are the same and that equal steam velocities are 
developed in each of the three stages, so that, 

Vo, = Ki, = V,„ 

V^, = V,, = v^, 



The total cnergv in the steam available for work in this case is 

l2g 2j? J 

The eflicicncy is then 

It is clear, ihcn, that in the expression for efficiency the last 
term in Ihc numerator changes its coefficient with the number of 
stages, and we sec in what proportion the efficiency is increased 
with the number of stages. 
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PRACTICAL DESIGNING OF BLADES. 

In designing blades for steam turbines we must determine with 
accuracy, 

(i) The angles for the edges of the blades. 
(2) The radial height or length of the blades. 

From the preceding discussion of velocity diagrams and blade 
efficiencies it should be clear how the best angles for the edges are 
obtained. It is first necessary to calculate the velocity resulting 
from adiabatic expansion between the Hmits of pressures in the 
stage for which the blades are intended. Then velocity diagrams 
must be constructed, varying the blade angles if the blade speed is 
assumed till the best efficiency is obtained. This will be when 
the steam leaves the last blades nearly at right angles to the 
plane of the wheel; that is, when the absolute velocity of the steam 
leaving the blades is, in the diagram, nearly perpendicular to the 
line showing the blade velocity (see page 76). 

Design of Blades for Impulse Turbines. We shall continue with 
the discussion of the design of blades for an impulse turbine with 
nozzles and with a single row 
of blades, assuming now that 
the entrance and exit angles 
(.5 and y) have been deter- 
mined. We shall assume also 
that the total area of the noz- 
zles at their largest section has 
been calculated as it has been 
explained on pages 36 to 41. 

To avoid losses by eddies, 
nozzles are often arranged in 
groups placed symmetrically 

with respect to the periphery Kig. 48. — Diagram Sho^^^ng Location of 
of the blade wheel. Usually Nozzles in a Diaphragm. 

the nozzles would be arranged 

in two groups diametrically opposite in a circular plate, called a 

diaphragm, as in Fig. 48. We shall assume that each nozzle 
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group covers one-fourth of the circumference of the blade wheel. 
Then if the blades in the wheel were removed so that they 
could not obstruct the flow of steam, the area through which the 
steam can pass is approximately i;rDh for each nozzle group, 
where D is the mean diameter of the blade wheel and h is the 
height of the opening from which the blades have beien removed. 
When, however, there are blades on the wheel the height h 
must be increased, because the effective area for the passage of 
steam is reduced. 

Fig. 49 shows two views of a small segment of a blade wheel. 
The pitch of the blades is marked p and the blade angle is ^. If 
there are no blades, the area for the passage of steam in a length p 
is approximately p X h. \^th the blades in the wheel the area 
is only p X h sin /?.* It follows then, when we have blades 
under the nozzle groups, that the effective area under each group 
18 i itDh sin /?. If we call A the total area of the nozzles at the 
largest cross-section (mouth) we can write 

A = i ;rDh sin /? + J ;rDh sin /9. 
A = i TrDh sin /?. 

h = -— (24) 

;:D sin ^ ^ ^^ 

For steam at very high velocity the height of the blades as calcu- 
lated will be too small for practical working conditions; so that 
Uades less than .25 inch high are not often made. This minimum 
Vsdit is determined most on account of mechanical difficulties; 
steam leakage through the clearance outside the blades also 
excessive when very small blades are used. 
^ impulse turbines with only a few stages no effort is made to 
of the velocity, as such, of the steam leaving the last 
asiaiK* This means some loss; and more experimental 
vcU be done with the object of showing how this loss 
to better account. 
nft how impulse turbine blades are laid out. The 

cakulations that the thickness uf the edges of the blades 
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designer must first decide how wide his blades shall be. For 
turbines of less than 100 horsepower the width of the blades is 
often made about i inch, increas- 
ing this dimension to about 
1.5 inches in turbines of 1,000 
horsepower. The pitch or cir- 
cumferential distance between 
consecutive blades is made about 
.5 to .6 of the axial width.* In 
Fig. 50 the pitch is shown by 
the distance between the points i 
and 2. Hence, when a drawing p,,,. ^^ _ ^j^^^ m^trating the De- 

of blades is started these points sign of Blades for impulse Turbines. 

should first be located. At any 

point between i and 2 mark another point 3 and through it draw 
a line 3 3', making an angle with the horizontal equal to the blade 

angle y on that side. Draw 
I through 2 a line perpendic- 

ular to the last line and 
intersecting the center line 
of the blades. Mark this 
point on the center line 5. 
Draw through i a line par- 
allel to 3 3' to intersect 2 5, 
at 4. With 5 as a center 
draw an arc tangent to 
I 4, which completes the 
lower half of the convex 
side of the blade. With 
the same center the concave side of the next blade is drawn with 
the arc passing through 2. The arrows in the figure show 

* The most efficient blade pitch appears to be l)et\veen the limits of \ inch and 
I inch. Between these two values the efficiency of blades made according to 
conventional designs is practically constant. The usual blade pitches are 8j ?> 
and I inch. Even for very small turbines not much less than J-inch pitch should 
be used. Designers usually make the pitch and axial width increase a little with 
the height of the blades. 




Fig. 50. — Diagram Illustrating the Method 
for Laying Out the Blades of an Impulse 
Turbine, 
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plainly the center [or these arcs. This construction makes ihe 
" perpendicular " width of the steam passage nearly constant. 

Blade Velocity Losses. Various attempts have been made by 
experimenters to determine the velocity losses in blades wilh 
stationarj- apparatus, usually by some method of measuring the 
reaction somewhat in the same way as the coefficients given in 
Fig. 28 were obtained for nozzles. Such results, however, arc 
not saiisfaciory for aiiplicalion to designing, Frictional, eddy, 
and impact losses in moving blades are certainly very different 
from what they are in stationary blades. Apparently thert- are 
only two ways lo gel good data regarding these losses. Either 
the velocity must be measured between the blades of an operat- 
ing turbine with a Pilot tube or similar device, or they must 
be determined by the "cut and Ity " method that has been 
generally followed by designers. The latter method is certainly 
expensive and a slow one for obtaining results. It seems, there- 
fore, that more work should be done along the line of the former 
method by Ihe application of the Pitol tube. In the latest designs 
of sleam turbines there is no difficulty about getting sufficient 
space for a pressure tube between the blades, as the axial clear- 
ance in large turbines is often as much as ^ inch. 

Fig. 51 shows values of the velocity coefficients to, be applied 
in designing steam turbine blades. Cune A is for blades re- 
ceiving steam from nozzles. Curve B is for stationary blades, 
or for moving blades receiving steam from stationary blades. 
Values of both curves vary with the relative velocity of the steam 
in the blades. The true velocity in the blades is found by mul- 
liphing the theoretical relative velocity by the coefficient from 
the curves.* The values given by these curves may be taken 
as fairly representative for all the well-known commercial types 

• \':ilui's (;i\fn liy lliese <urvcs agree ivell with the determinalions made by 
Kiili'iiii. Strvciis, ftnii Hobnrt from llie analysis of the losses in operatlllg turbines. 
tl»)''iil • iiU'uliiU'<l tbat the bladp frirtional an.) eddy losses in a lyj-horaepower 
IV I. aval iiirbiiie nre i; jicr tent, of the steam vdoiUy whith in this case is about 
,jL>.>.' iVi'l [H'l siiiiiui. He stales a\to thai generally in turbines of this type this 
liH-. I- -lUml Is |ier .out. i.f the relative vdoiity in the blades. It is stated thai 
(U->i>;iii'ii '■( U.il'Mii liirliiiii-* ,1^-iiinie a bl.idi' vHoi"ily efficiency of 96 per cent. •! 
Icliiiiii' M-lm nil- Hi .ilp.iiii (KW li-ri jiiT ■ic.oii.t. Obviously near zero velocity the 
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in which the blades have smooth surfaces and the entrance 

edges are made compaiatively sharp and at a true angle. These 

Olives are intended to be read 

for only two significant figures. ,.„ _ 
The initial steam, velocities -"p 

in turbines of the Parsons type a* 

vaiy from 150 to 600 feet per |* 

second, in Rateau turbines from ^ „ 

500 to 1500 feet per second, in | »" 

Curtis turbines from 1500 to 
jooo feet per second, and in the 
De Laval type from 2500 to 4500 
feet per second. 

The efficiency of energy con- j.,^ ^, 3,^^^ y^,^.,^ Coefficients, 
version in the blades of steam cun-c A for moving blades foUowing 
turbines varies from 60 to 70 per nobles. CurveBforstalionary blades 

cent.* for sizes from 300 to 3000 °' ^°' T^y '''**'** following sia- 

, ., . , . , , , lionarv blades. 

Kilowatts,T and is roughly about 

50 per cent, for smaller sizes of impulse turbines down to about 
10 kilowatts. Still smaller sizes may have efficiencies less than 
50 per cent., depending largely on the type of construction. For 
any size of turbine, then, the difference between 100 per cent, 
and this efficiency of energy conversion is the loss due to disk and 
blade rotation, leakage, residual velocity, and radiation. 
In a well-designed turbine of say 300 to 500 kilowatts' capacity, 

loss is practically zero. Designers of Parsons and Curtis turbines must use some- 
what larger coeffidents (cf. Curve B) for combinations of stationary and moving 
blades, because stationary blades are not as efficient as nozzles. Tfie data for 
these curves were obtained by measuring witb modilicd Pitot tul)c apparatus the 
velocity of steam discharged from atationarj- blades of various designs. The 
steam was directed upon the blades from calibrated nozzles 

* In slating this efficiency it is assumed thai adequate provision is made in 
these turbines to prevent leakage: in impulse turbines, bctuecn (he diiphraf!mb 
and the shaft; and, in reaction turbines, over the ends of the blades throiif;h the 
radial clearance. This leakage loss is as much as 10 to 15 per cent in -omc good 
commerdal turbines. It should be reduced, however, to not more than s p<-r lent 

t A well-known engineer states that the energy eificiency of the gooo <o i:,ooo 
kilowatt turbines installed in New York and Chicago is as high as So per cent. On 
a conser\-ative basis, however, about 70 per cent, can be assumed tor 5000-kilowatt 
sizes and 75 per cent, for 10,000-kilowatt sizes. 



S6 THE STEAM TURBINE 

the sum of the losses due to friction, disk and blade rotation or 
" windage," leakage, residual velocity, and radiation losses is, 
therefore, about 40 per cent. But these are not all actual losses. 
The energy equivalent of each of these losses, except that due to 
radiation, which is very small, is immediately converted into 
heat, and is partially regained in reheating the steam. The sum 
of these losses actually reheating the steam, expressed as a per- 
centage of the total available energy, is called the reheating factor. 

DESIGN OF BLADES FOR AN IMPULSE TURBINE 

blades are to be designed for a 300-kilowatt turbine to operate 
^th steam at 50° F. superheat, at an initial pressure of 165 
pounds per square inch absolute, and exhausting at i pound per 
square inch absolute (approximately 28 inches vacuum). Blade 
speed Vfc is 500 feet per second at the rated speed 3600 r.p.m. 
It is assumed that the nozzle will be correctly designed for the 
pressure, so that the nozzle velocity loss is 3 per cent. Governing 
is to be accomplished by the method of " cutting out nozzles " 
in the first stage (see page 221). By this method a practically 
constant steam pressure is maintained in the nozzles of the first 
stage from light load to overload, and the velocities in this stage 
are at all loads approximately those giving the best blade effi- 
ciencies. In the other stages, however, where the number of 
nozzles open is not controlled by the governor, the velocities are 
variable. For this reason a large pressure drop is to be used 
for this stage,* and to utilize the resulting high velocity efficiently 
there are to be two velocity stages in this pressure stage. A 
reasonable value for the first stage pressure is about 35 poimds 
per square inch absolute. The other stages are to be designed 
for highest efficiency with a single blade wheel in each pressure 
stage. Such a design will be a compound type — the first stage 
resembling the Curtis, and the other stages the Rateau turbines. 

The energy available from adiabatic expansion in the first stage 
nozzles (as read from the entropy-heat chart) from 165 poimds 
per square inch absolute and 50° F. superheat to 35 pounds 

* See footnote on page 75. 
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persquare inch absolute is 122 B.T.U. Disk and blade rotation 
losses, leakage between the stages at the joint between the shaft 
and the diaphragm, and residual velocity of the steam leaving 
the blades amount to 40 per cent.; and it is assumed that all 
this energy appears again as heat produced by disk and blade 
friction, steam impact, eddies, and throttling. There is then 40 
per cent, of 122 B.T.U., or nearly 49 B.T.U., going to reheat 
the steam. This reheating occurs, of course, at the pressure 
in the first stage (35 pounds). As the result of reheating, the 
quality of the steam in the first stage is changed from .932 to 
■9S5, and the total heat of the steam going to the nozzles of 
the nest stage is increased from 1103 to 1152 B.T.U. Fig. 52 
shows graphically this reheating effect. It serves also to show 




Fig. 53.— Entropy-Heat Diagram tor the Design of an Impulse Turbir.c 



the complete energy distribiilion as required for this desij-n. 
In each stage, as in the first, the reheating is assumed to be 
40 per cent. 

Since all the stages after the first are to be of the single wheel 
impulse type, it is ob\ious that a large number of stages will be 
needed in order to absorb the velocity of the steam cfiidcntly. 
In a stage of the single wheel type the velocity of the steam should 
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It L't *hoini then that the retquired energy pw stage is betwee 
I'yC and 2C B.T.U. per stage. The energy distribution wit 
reheating '40 per cent, was calcalated with the hdp of the cha 
for 19.5 and for 19.8 B.T.U. per stage, and it was found possib 
V} yL}'X almost exactly equal energy- distribution with 12 stagi 
<:a/,h of 19.8 B.T.U. between 35 pounds pressure (quality .981 
and the exhaust pressure i.o pound. This distribution is sho^ 
in Fig. 52. The quality of the steam in each stage is records 
Vi that the di.sk and blade friction can be calculated later fro: 
the formulas in Chapter V. 

« Sf^ hig. 51. To determine an approximate value for this coefficient t 
|/rol/tt}/k r«:lalivc vckxity must be estimated. If a very lai^ge error were ina< 
\u ;itvMirnin^ this f fK-fTKient it would be discovered as soon as the velocity diagran 
Mff riia/)<-, ttH the relative velocity and the coefficients are then accurately detc 
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Velocity of the steam discharged from the first stage nozzles 



IS 



Vj = .97 X 223.7 V122 = 2398 feet per second, 
and that from each of the other stages is 



7/ = .97 X 223.7 V19.8 = 965 feet per second. 

The velocity coefficients given in Fig. 51 have been used to 
lay out the triangles in Figs. 53 and 54. The application can 

be best illustrated by the 
triangles in Fig. 53, show- 
ing the velocities of the 
first stage. 

B-«i><" ^v^ ^S^ F^^ constructing the 

triangles in Fig. 53, Fj is 

laid off inclined 20 de- 

^^%y^ / grees (the nozzle angle) 

to the horizontal and 
made to scale 2398 feet. 



k-ao" 



'^4% 



/ 










F-85' 


to 


1 


»• 


,V4 


Or a 


i- 


v» 



= 20' 




Fig. $^. Velocity Triangles for Two Velocity 
Stages in One Pressure Stage. 



Fig. 54. Velocity Triangles for 
a Simple Impulse Wheel. 



To the same scale the blade speed (76) is laid off for 500 
feet, making the relative velocity (Vrj) in the first row of 
blades 1938 feet per second, and the entrance angle (B) of 
these blades is found to be 25 J degrees. The entrance and 
discharge angles will be made equal, so that the angle C is also 
25^ degrees, determining the slope of the relative velocity (Vrz). 
The velocity coefficient taken from curve A in Fig. 51 for a 
relative velocity of 1938 feet is .88, so that Vr^ = 1938 X .88 or 
1705 feet. Vb is again laid off in a horizontal direction, and the 
absolute velocity of the steam discharged from the first row of 
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blades (F3) as read by the scale is 1270 feet, and the true dis- 
charge angle (D) is 35 degrees. In order that the steam may 
enter the stationary intermediate blades without shock, the 
entrance angle of these blades must be also 35 degrees, and the 
discharge angle (£) will be made 20 degrees, the same as the nozzle 
angle. The velocity coefficient is now read from curve B in 
Fig. 51 for 1270 feet,* which is .87, and V^ is laid off for 
1270 X .87 = 1105 feet. Completing the triangles, V^ is 662, 
and the entrance and discharge angles F and G are each 35 
degrees. The velocity coefficient (read from curve B) is .93, so 
that Vr^ is 615 feet and the final discharge velocity (V^) is 355 
feet. 

Velocities and blade angles are determined in the same way 
(by applying a velocity coefficient) for the 12 single wheel stages 
as shown in Fig. 54. 

Data and results of these velocity triangles are tabulated 
below for convenient reference: 

Blade Angles and Velocities of First Stage. 

First row (moving): entrance and discharge angles 25 J degrees. 

Intermediate (stationary): entrance angle 35 degrees; discharge 
angle 20 degrees. 

Second row (moving): entrance and discharge angles 35 
degrees. 

Vb = 500 Fr3= 1938 X .88 = 1705 Fr,= 662 

F, = 2398 F3 = 1270 Frg = 662 X .93 = 6^5 

Vr2 = 1938 V, = 1270 X .87 = 1 105 F5 = 355. 

Blade Angles and Velocities of Second to Thirteenth Stages. 

Single row (moving) : entrance and discharge angles 39J degrees. 

Vb = SCO Vrz = 525 X .96 = 504. 

V2 = 965 ^3 = 339- 

A slightly higher efficiency could have been obtained if the first 
stage pressure had not been assumed but had been determined 

* In stationary blades the absolute and relative velocities are equal. 
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by a **cut and try" method to get the highest efficiency. If the 
energy for this stage had been a little less, the efficiency would 
have been increased — although an insignificant amount. It is 
a good rule to remember that with a given blade speed, whenever 
the line representing the residual velocity slopes toward either 
side of the vertical, the minimum residual velocity has not been 
found. A higher efficiency could have been obtained also by 
reducing the discharge angle of the intermediate blades. This 
angle is usually made about the same as the nozzle angle (about 
20 degrees in most types). If it is made less than 20 degrees, 
although the apparent efficiency will be increased, there will be 
probably a greater loss than gain on account of the steam spilling 
over the blades. 

Stage Efficiencies. Nozzle efficiency is assumed to be 97 per 
cent., on the basis of the velocity developed. Efficiency of the 
energy conversion in the blades can be calculated from the 
results given by the velocity triangles in Figs. 53 and 54. 

In the first stage the velocity absorbed in moving the turbine 
is the initial velocity (Kj) less the residual velocity, (V^), and 
the velocity losses in the blades are (Vr^ — Vrz) and {Vri — Vr^). 
Then the energy absorbed in the first stage,* or 

Work Done = V,^ - (F,,^ - Vr^') - (F3' - F/) 

r>i J T-£c • Work Done 

Blade Efficiency = r- — r-— ;^ — ttt" 

Work Possible 

Blade Efficiency (first stage) = 

(2.^q8)' -(iQ.^S)^ -f (170O' - (1270)' + (iioO^ - (662)» -f (6iO^ - (.^vO» 

(2398)' 

Blade Efficiency = 75.3 per cent. 

Nozzle and blade efficiency of the first stage is therefore 
75-3 X V97* = 74.2 per cent. 

* When writing efficiency equations, it must be remembered that efficiencies are 
proportional to the available energies and to the square of the velocities. 
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Similarly for the second stage (also third to thirteenth stages) 
we have, 

Blade Efficiency = ^-2 '-^ — -^ ^-^^ 

^2 

Blade Efficiency = (965)^ " imfj- [p)' + (504)^ 

(965)' 

Blade Efficiency = 85.3 per cent. 

Nozzle and blade efficiency of the last twelve stages is therefore 

85.3 X V^ = 84.0 per cent. 

The combined or " total '' nozzle and blade efficiency of tiie 
turbine, prorated according to stage energy, is, then, 

74.2X122+84.0X19.8X12 ^ g^ g ^^^ , 
122 + (19.8 X 12) ^ 

Besides the nozzle and blade losses, there are bearing losses, 
including the friction of the gland or stuffing-box on the shaft 
and the power for the governor and oil pumps, amounting to 
about 2 per cent in a turbine of this size, f The radiation loss is 
about I per cent, the loss due to leakage of steam along the shaft 
between the stages should not be more than 7 per cent., and the 

♦ Although velocity stages do not give as high net blade efficiency, the adoption 
of this ty|)e for the first stage makes it possible, because of the large available energy 
nH|uired for this stage by this method, to make the turbine very economical at light 
KukIs. Hy providing a suitable valve gear the number of nozzles open in the first 
stage can bo controllc<i by the governor. (Sec pages 221-229.) 

t Hearing loss in turbines is usually ver\' small. Accxirding to Lasche of the 
AllK^nieinc Klectricitat Gesellschaft, Berlin, the friction coefficient (/) is 

/= 2- (/X/>), 

Y^hrit* / is the tem|)erature of the bearing in degrees C. and p is the pressure in 
KUv^mms i>or s(|uare centimeter. The rotor of a looo-kilowatt Parsons turbine 
^t^h« aUnit ,^000 })ounds, and the disks and shaft of an impulse turbine would 
yM^l4.v >i^Tigh less. 

lAi^n in the Ztitsch. fUr das Gesamte Turhinenwesen (Oct. 19, 1907) states 
^lik ^ ktMTWg (journal) friction of a well-designed Parsons turbine is about 
U And that the total friction loss including governor and oil pump rarely 

liar cent. 

of a Zoelly turbine, with, of course, a much shorter casing than 
•1 iliow the radiation loss from the casing to be about .7 per 
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actual net loss of heat (" available ") due to rotation of disks and 
blades will be about 10 per cent.* The sum of the bearing, 
radiation, leakage, and rotation losses is then about 20 per cent., 
and the efficiency of the turbine as measured by work done at 
the shaft is about 81 per cent, (from pfige 92) less 20 per cent., 
or about 61 per cent. 

The theoretical steam consumption (water rate) of a perfect 
engine operating with steam at the same initial pressure, super- 
heat, and exhaust pressure is 10.24 pounds per kilowatt-hour. t 
Since the shaft eflSciency is 61 per cent., the equivalent steam 
consxmiption per shaft kilowatt-hoiu' developed in the blades is 
10.24 -r- .61, or 16.80 pounds. Generator efficiency might be 
assumed to be about 92 per cent, for a good design suitable for 
this high speed relatively to the size, and the steam consumption 
per kilowatt-hour "at the switchboard'' would be about 16.80 -r- 
.92 = 18.26 pounds.^ 

The energy efficiency, neglecting losses, of each stage with a 
single row of blades can be expressed approximately by equation 
(16), thus. 

Efficiency = ^ ^,^^ (.940 - 522") = g; (nearly). 

965 ^ 965/ 

The nozzles for this turbine must be designed to discharge 

at full load 300 X 18.26 pounds or 5478 pounds per hour at 

50° F. superheat. Total ** throat area " of the nozzles (Ao) can 

be calculated by equation (8') for superheated steam, where 

* The actual rotation loss for this desim can be calculated bv the formulas 
given in the following chapter. But a large part of the " total" loss as calculated 
becomes again available as the result of reheating. The mean pitch diameter of 
the blades is 

500 X 60 . f ^ 

— ^ --— - or 2.65 feet. 
3.1416 X 3600 

t A kilowatt-hour is equivalent to 2,654.400 foot-pounds or 3412 B.T.U. per 
hour (44,240 foot-pounds per minute). In this case the total a\ailablc energ>' 
taken as one exi>ansion is (1225 — 892) ^:^^ B.T.U. per i)ound of steam, and the 
theoretical steam consumption is 3412 -r- ^^^, or 10.24 pounds. 

t Guaranteed steam consumption would be about 10 per cent, more than the 
estimated water rate. It is the usual practice of manufacturers of steam turbines 
and engines to add a percentage of about this value to allow for possible defective 
workmanship in construction. 
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the result of experience and have no well-defined scientific basis. 
Some of these formulas will now be given to determine the num- 
ber of stages, the relation between the maximum blade height and 
the diameter of the rotor, the no-load steam consumption, etc. 

The rotor of a Parsons turbine, except for marine services, is 
made commonly in three sections of different diameters. At the 
high pressure end a section of small diameter is used, and the 
intermediate and low pressure sections are made relatively larger 
to allow for the increased volume of the steam as il expands in 
the blades. In an impulse turbine, on the other hand, the wheels 
in the several stages are usually of the same diameter. This 
radical difference in the type of construction results from admit- 
ting in the reaction turbine high pressure steam around the whole 
peripherj' of the rotating part, while in the impulse turbine the 
admission steam is discharged through nozzles occupying usually 
only a small part of the peripherj'. 

The diameter of the low pressure section of the rotor of a 
reaction turbine is determined by the permissible blade speed 
and llie rated speed of rotation {revolutions per minute). With 
a drum construction it is not permissible to adopt peripheral 
speeds for the rotor higher than about 300 feet per second. The 
speed of the rotor (revolutions per minute) will depend on the 
capacity of the turbine, or more particularly, if it is to be connected 
to an electric generator, on the allowable speed of the generator. 

A table * on page 97 gives the rated speeds of a number of 
different sizes of commercial turbine-generators of the Parsons 
type, some of which, it will be observed, are not for standard 
frequencies in America. 

It is much more difficult to design a turbine-generator with 
sufficient strength in a rotating field or armature than the 
turbine parts. The diameter of the low-pressure section is gen- 
erally made v'^ times that of the intermediate section, and the 
diameter of the intermediate section is ■s/2 times that of the 
high-pressure section. It follows then ob\'iously that the ratio 
of Ihe blade speeds of successive sections is also Va. 
* Trans. Insl. of Engineers and Shipbuilders {1905-06). 
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The speed of rotation of turbines direct connected to alternat- 
ing-cunrent electric generators is usually determined by the 
frequency. For the usual frequency in America for electric 
lighting (60 cycles) the generator must be operated at 3600, 
1800, or 900 revolutions per minute; and for 15 cycles the revolu- 
tions cannot, of course, exceed 900 per minute, as a generator 
cannot be built with less than two poles. 



Normal Outpat of TorUne. 



Peripheral Blade Speed, 
Feet per Second. 

First i Last 
Expansion Expansion 



(Section). 



(Section). 



Number of 
Rows 

of Moving 
Blades. 



250 kitowatts 
500 kilowatts 
750 kflowatts 
1000 kilowatts 
1500 kilowatts 
2500 kOowatts 
3500 kilowatts 
5000 kilowatts 



I 

100 


210 


72 


120 


285 


60 


125 


260 


77 


125 


250 


80 


125 


360 


72 


I2S 


300 


84 


138 


280 


75 


>35 


330 


70 



Revolutions 

per 

Minute. 



3000 
3000 
2000 
1800 
1500 
1360 
1200 
750 



Usually in designs with three different diameters of the rotor 
(three sections), the number of rows of blades or stages is 
arranged so that one-quarter of the total work is done in the 
high-pressure section. The intermediate section takes also one- 
quarter of the total work, and the low-pressure section one-half. 

Designers of Parsons turbines have long used the following 
formula to determine the number of rows of blades: 

Vj^^n = constant, 

where Vb is the mean peripheral velocity of the blades of any 
section and n is the corresponding total number of rows of 
blades on the rotor or, in other words, the number of stages. 
Designers of marine turbines usually assume the value of the 
constant at about 1,500,000 to 1,600,000; but for electric 
generator servicei where much higher peripheral speeds are 
allowable, the value of this constant varies from 2,200,000 to 
2,6oo,cxx>, depending somewhat on the allowable nidial clear- 
ances. The lower value can be used when the machine 
work is accurate and the designing has been done with great 
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care to eliminate unequal expansion between the rotor and the 
casing (see page 107). 

It sometimes happens when arranging the blading in groups, 
that a fractional part of a stage is shown by the calculations. 
In such a case two groups may be combined into one of about 
the average height, if in this way a whole number of rows can be 
secured. Probably it will then be found that one or two of the 
last rows of blades do not give sufficient area for the passage of the 
steam, and this area is then increased by "gauging" the blades in 
both the rotor and casing. This "gauging'* is done by forcing a 
piece of metal — preferably not much harder than the metal of the 
blades — between the blades so as to twist them more nearly paral- 
lel to the axis. Manufacturers using steel blades have usually 
special keys made for the purpose of twisting the blades by hand 
both for the purpose of "gauging** and for changing the blade 
angles in order to secure an accurate balance between the end 
thrust of the balance pistons (see page 156) and that of the blades. 
It is stated on very good authority that this twisting of the blades 
and changing the angles with respect to the steam flow as much as 
5 degrees does not appreciably alter the economy of the turbine. 

An example illustrating the design of a commercial type of 
reaction turbine will now be discussed. 

The difficult part and that requiring the best judgment in the 
designing of a reaction type of steam turbine is in determining 
as accurately as possible the volume of steam that will pass 
through the blades for its full capacity; that is, when all the 
valves controlling the admission of steam are wide open; or in 
other words when there is no throttling of the steam pressure. 
It is for this flow that all the blades must be proportioned for 
their best efficiency. It is presiuned that for both lighter and 
heavier loads the efficiency and the steam consumption will not 
be so good. In order to determine the volume of steam flowing 
at this condition obviously the actual number of poimds of 
steam to be used by the turbine must first be known. 
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As the result of a great deal of study the curve shown in 
Fig. ssa has been developed from data collected in a large part 
by Martin* as applying to a large variety of turbines, but par- 
ticularly to the reaction type. This curve shows by its ordinates 
the so-called " efficiency ratio " which is the ratio of the theo- 
retical steam consimiption (see page 93) to the actual steam 



. -U ^j__|_ X,+ 




:M|||[M||||| 


M ] 


J, 


"" "'" IT"'""'" 









OoeSdent "C" 
Fic. 55a. Efficiency Ratios for Reaction Turbines. 

consumption (water rate) per kilowatt-hour. The values on this 
curve from tio,ooo to 120,000 are for reaction turbines either 
above 5000 kilowatts' capacity or else for sizes between 1500 to 
5000 kilowatts, having clearanceB at the tips of the blades too 
small for standard practice. Many of the latter turbines did, in 
fact, strip their blades a short time after being put into service. 
Values less than 100,000 are for sizes smaller than 1500 kilo- 
watts. Other things being equal the smaller size turbine should 
have a lower value of the coefficient. Thus for a turbine of 
1000 kilowatts' capacity the proper coefficient should be between 
80,000 and 90,000 and for a 2000 kilowatt size the coefficient 
should be about 100,000. In fact the latter value is generally 
used by careful designers of Parsons types for all sizes from 

• Daign and Coiislruclwii of SiMm Turbines, 1913. 
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1500 to 5000 kilowatts, having reasonably large clearances at 
the tips of the blades. 

Practical Example. A reaction turbine with a drum rotor of 
three sections is to be designed to give a rated output of 2000 
kilowatts, operating at 1500 r.p.m. When supplied with steam 
at 165 poimds absolute pressure, 100^ F. superheat, and i pound 
absolute exhaust pressure (about 28 inches vacuum), the turbine 
shall carry 15 per cent, overload before the by-pass or overload 
valve (see page 170) opens. 

For this design (2000 kilowatts), therefore, the value of the 
coefficient should be 100,000. Ordinates of the curve in 
Fig. 5sa show that the corresponding efficiency ratio is about 

-675- 

The available energ}' from the entropy-total heat chart from 

the initial conditions of 165 poimds per square inch absolute 
pressure and 100^ F. superheat to the final pressure of one pound 
absolute is 1252 — 908 or 344 per poimd of steam. Dividing 
the B.T.U. equivalent of a kilowatt-hour, which b 3412, by the 
available energ>' per poimd of steam (344) we obtain a theoreti- 
cal steam consimiption of 9.92 pounds. The theoretical steam 
consumption divided by the efficiency ratio gives the actual 
steam consumption of the turbine per kilowatt-hour as meas- 
ured at the turbine shaft or 9.92 -^ .675 is 14.70 poimds. If we 
assume 5 per cent, loss for generator and connections to the 
switchboard then the steam consumption per kilowatt " at the 
switchboard *' is 14.69 -4- .95 or 15.46 pounds of steam when dry 
saturated (no superheat). 

The steam consumption of reaction turbines is reduced at 
least 10 per cent, if the steam is superheated, as in this case 
100° F. (see page 281), so that the actual number of pounds of 
steam to be passed through the turbine for the conditions stated 
for this design is 15.46 X .90 or 13.91 pounds per hour per kilo- 
watt " at the switchboard.'' 

The turbine must be designed for a total steam consumption of 
t;jji X 2000 X 1.15 = 3 1 '993 pounds per hour or 8.88 pounds 
at mfl^*"^^"^ output, when the admission valve will 
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be wide open so that there is no throttling. Then the steam 
entering the first row of blades will be at 165 pounds absolute 
pressure, of which the volume at 100° F. superheat is 3.21 * 
cubic feet per pound. The Yolume of steam admitted to the 
torUne per second is 3.21 X 8.88 = 28.50 cubic feet, and just 
as in the design of impulse turbines, the blades must be designed 
for the passage of this amount of steam. 

The blades are designed by determining the entrance and dis- 
charge angles by velocity triangles like those in Fig. 47 after 
the available energy for each stage has been calculated. Some 
designers make their calculations for the rated full load condi- 
tions and not for the maximum output obtained just before the 
stage valve opens. The difference between the two methods is 
that imtil the maximum output is reached, without opening the 
stage valve, there is obviously some throttling in the admission 
valve,t and when designing for full load conditions this throttling 
must be allowed for. For this reason it is preferable to design for 
maTtmnm output when the admission valve must be wide open.j: 
The available energj'' is then calculated by steps from the rated 

• 

* Marks and Davis' Steam Tables aiid Diagrams. In these tables the specific 
volumes have been calculated by Knoblauch's equation, which gives considerably 
larger values than equation (9). The results of different investigations do not 
give any sort of agreement, the rate of increase of volume with superheating vary- 
ing as much as 100 per cent. It is usually stated that the specific volume of super- 
heated steam is 15 per cent, larger for 100° V. of superheat than tliat of dry saturated 
steam. According to Knoblauch's equation used by Pealxxly, this percentage is 
about 17, and according to equation (9) it is about 13. 

t There is some throttling even in the "pulsating" valves used in nearly all 
tyi)es of Parsons turbines. 

{ The steam consimiption at fuil and fractional loads can be estimated by 
dravving a ** Willans" line of total steam per hour (page 124). Unless the design 
oi a steam turbine b radically wrong, usually because of insulTicient area of the 
steam fxissages, which is called '* choking" the steam, it has been shown by expe- 
rience that the points representing total steam i)er hour plotted against fractional 
loads will be on a straight line from no load to the maximum output (without a 
stage valve. At no load a Parsons turbine usually takes one-eighth of the total 
quantity required at the normal maximum output. By plotting these two ix>ints 
(no load and maximum output) and joining them with a straight line, the total 
steam consumption at all other loads can be read and the ste im i)er kilowatt-hour 
or per horsepower-hour can be calculated with considerable accuracy. 
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admission to the exhaust pressure. This available energy might 
be determined for every stage as it b done for designing impulse 
turbines, but this is unnecessarily laborious, as the pressure drop 
is so small. Approximately the same result is obtained by cal- 
culating assumed expansions in stages of lo B.T.U. with the 

me reheating factors as would be used for the same size of 
unpulse turbine. For a 2000 to 3000 kilowatt size the reheat- 
ing factor should be not much more than 30 per cent. Assuming 
this value, the total available energj' as read from the cntrop\'- 
heat chart with reheating for every 10 B.T.U. from 165 pounds 
absolute and 100° F. superheat to i pound absolute exhaust is 
abo B.T.U.* Without considering reheating it would have been 
343 B.T.U.; but with _jo per cent reheating it is only 240 B.T.U. 
The quality of the steam in the last stage after reheating " by 
steps " is .886. 

For this design it will be assumed that 

VV« = 2.560,000. 

It has already been stated that the diameters of the sections of 
the rotor increase as "^^ ; and as the blade speeds must increase in 
the same proportion as the diameters, the following speeds of the 
blades will be assumed, which are not at variance with good prac- 
tice: 

V,, of first section of rotor = 140 feet per second. 

Vi of second section of rotor = 200 feet per second. 

Kfc of third section of rotor = 280 feet per second. 

The value of peripheral speed, 140 feet per second for the first 
section of the rotor, corresponds at the speed of rotation required 
(1500 revolutions per minute) to a diameter of 

= 1.78 feet or 21.56 inches. 

3.1416 X 1500 

• This a\'aililjle tnergy should be read in the same way as for the design of the 
impulse turbine illustrated in Fig. s^; meaning, that the energy should be obtained 
by subtructing frum the total heat at the initial condition of pressure and aiq>er< 
heat, the total heat at the final [iressure, -.i-ithoui the l^isl reheating. There ate some 
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It is stated by Martin that English designers of reaction turbines 
for land service between looo and 6000 kilowatts' capacity deter- 
mine the diameter of the first section of the drum of the rotor di 
by the following empirical formula based on experience: 

- 3 __ 410.000 WVq 

r.p.m. 

where w is the weight of steam flowing through the turbine in 
pounds per second at maximum output without the stage valve 
being open, and v© is the specific volume of the steam at the con- 
dition it enters the turbine in cubic feet per pound. In this case 
the diameter of the first section of the rotor as calculated bv this 
formula would be 

, , 410,000 X 8.88 X ^.21 

1500 



and di is V7790 or 19.8 inches, which agrees well with the value 
calculated (21.36 inches) from the assumption of a satisfactory* 
peripheral speed. Actually it is better practice and certainly 
more rational to assume a safe peripheral speed than to deter- 
mine the diameter by formulas ha\ing important empirical 
coefficients which must vary necessarily considerablj' with the 
tvpe of the design. Allowable peripheral or blade speeds are 
always about the same for a given speed and t\pe of construc- 
tion. Limits as regards peripheral speeds can be as accurately 
determined as any other problem in the designing of machines. 
A similarly empirical formula is sometimes used by designers 
of reaction turbines to determine the least permissible diameter 
of the low-pressure section in the last stage, with the object of 
reducing to a minimum the losses due to excessive residual 
velocity of the steam as it discharges into the exhaust pipe. If 
the diameter of the rotor measured to the middle of the blades 
in the last stage is d, then for this reason d^'- should be not less 

designers of impulse turbines, however, who use the calculated net available energy 
after reheating in each stage; but the problem then becomes vcr>- complicated, 
as most of the reheating takes place after the steam is discharged from ttie nozzles 
or stationar>' blades. 
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that about one-half of the available energy m each stage produces 
velocity in the stationary blades and the other half in the moving 
blades. The theoretical angles are determined from velocity tri- 
angles, applying the coefl&cients from curve B in Fig. 51, by the 
usual methods as explained for impulse turbines. The discharge 
angles for all the stages except the last groups in the low-pressure 
section will be assumed to be 20 degrees. The angles for the last 
stages will be made 45 degrees. It is obvious, of course, that 
the discharge angle is always the same as the " absolute '' angle 
at which the steam enters the succeeding row of blades. In this 
design no allowances are made for probable " gauging *' of the 
blades to adjust the thrust on the rotor or for other reasons.* 
The velocity of the steam leaving the first row of stationary 
blades in the high-pressure section is about 225 t feet per second. 
A net area of 28.50 cubic feet -r- 225, or .127 square feet, or 18.2 
square inches, is required to pass the steam. As the discharge 
angles of the blades in the high-pressure and intermediate sec- 
tions are to be made 20 degrees, that value will be taken for this 
design, and the actual area of the blade ring will be approximately 
18.2 4- .342,t or 53.3 square inches. 

The blade speed of the high-pressure rotor is 140 feet per 
second,! so that the mean diameter of the blade ring is 

• It has been stated that some makers of marine turbines who have not had 
much experience in building them will often design turbines to give considerably 
larger output than is intended for the service and then reduce the output to the 
required rating by ** gauging" the blades. 

t In a reaction turbine the maximum velocity in each stage is attained when the 
steam is discharged from the stationary blades. Although there is expansion also 
in the moving blades, more velocity is absorbed in them than is produced, and the 
velocity of the steam discharged from the moving blades is considerably less than 
225 feet per second. 

t The total area of the annulus for blades with discharge angles of 20 degrees is 
the net reqidred area divided by sin 20 degrees (sec Fig. 49). Practical designers 
often call the sin of 20 degrees one-third and make the area of the annulus three 
times the net required area. 

§ Manufacturers generally appreciate the gain from operating at high peripheral 
speeds of the rotor. To-day efforts are directed generally by all makers of direct- 
connected turbine-generators to improve the mechanical construction of the gen- 
erator to run at higher speeds. 
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—^ ■ = 1.78 feet, or 21.4 inches, and the heieht of the 

1500X3.1416 

first row of blades on the rotor is approximately 53.3 square inches 
-i- 21.4 X 3-1416 = .80 or nearly j| (see tabic, page 103) inch. 

With full rated pressure in the admission chamber about 7 per 
ceDt. of the total steam leaks through the "duirmiies" or balance 
pistons at the high-pressure end of the turbine. This leakage 
as well as that around the tips of the blades through the radial 
clearance Is not considered here in the calculations. It is prob- 
able, however, that the amount of this leakage is quite sufficient , 
to allow for the thickness of the blades on the discharge side * 
The volume of the exhaust steam (i pound per square inch abso- 
lute pressure and ,886 quality) is 297 cubic feet per poimd. 
Initially the volume was 3.215 cubic feet per pound, so that the 
volume in the last row of blades is 92.5 times that at admission. 
Since one-fourth of the work is done in the blades of the first 
section, one-fourth of the total expansion occurs in them, or the 
volume entering the second section is v'g2.5,t or 3.10 times the 
original volume. Since the mean diameter is to be made V2 
times that at the high-pressure end and the steam velocity is to 
be also V2 times as great so as to correspond with the increase 
in blade speed (which is Vi times that in the first section. See 
page 100), the height of the blades in the first row of the inter- 
mediate section will be ^'^ — -^ = 1.55 times that of the first 

V 2 X V 2 
row in the high-pressure section. Similarly the blade height for 
the first row of the low-pressure end will be 1.55 times that of the 
first row of the intermediate section. Each of these sections will 
be divided into four groups or " expansions." Since the voltmie 
is increased four times for each section, the blade height of each 

• Thomas uses a coefficient of 1.5 10 increase the area of the blades to allow for 
the thictneiis at the discharge side. If the blades are made thin at their edges, aa 
in good designing, it is not customar)- to use a coefficient " for the thickness of the 

t Lot 1' = volume at end of third section. 

I'l = \'oUimi' at WginniriE of first section, 
,v = niiml)er of cs]vinsions, 
then r' — v,', and i, = vi''- 
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of the high-pressure and intermediate groups will be "^^3.10, or 
1.33 times as large as in the preceding one. 

The calculated blade heights for each of the four groups of the 
high-pressure and intermediate sections are given in the follow- 
ing table: 





Group Number. 




X 


2 


3 


4 


Blade hdght, high-pressure section 
Blade height, intermediate section 


li 


;c 


aft 





Blade heights are adjusted to sixteenths, although in practice 
the nearest eighth is commonly used. 

Because of the long blades in the low-pressure section they will 
be made in eight groups. The height of the first group will be 
i.SS times the height of the first group of the intermediate section. 

The volume entering the third section is ^^92. 5 X ^^92. 5 = 
9.61 times the original volume, and blade height in first row of 
third section is 1.55 X 1.55 X height of first row = (1.55)^ X .80 
= 1.9 inches, or approximately i\i inch es. 

Each blade in third section is V9.61 = 1.33 times height of 
preceding one, or the height of second row is 1.33 X iH or 2.57 
(approximately 2^^ inches) . The results are tabulated as follows : 











Group Number. 










I 


2 


3 


4 


5 

6ft 


6 


1 ' 


8 


BUde height (inches) 


i« 


2ft 


5l'6 


4 A 


8J 


1 
loj 

1 


i4i 



Martin states that at the high-pressure end (in turbines for 
stationary service) it is desirable to limit the blade height to 
not less than one-twenty-fifth (3*5) of the drum diameter. If 
the blades are shorter than this the loss by leakage around the 
tips may become excessive. In marine turbines the high-pressure 
blades in the first section are only A of the drum diameter. 
On this basis the blade heights might be slightly increased. 
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At the low pressure end of the turbine the length of the blades 
would be considered excessive in practice. It is a rule generally- 
followed by designers of reaction turbines not to make the 
greatest blade height more than one-sixth the mean diameter of 
the blades for the section considered. The mean diameter of 
the low pressure section is 21.4 X V2 X V2 = 42.8 inches. 
In this case the maximum height would be, therefore, about 7.1 
inches. In order to reduce the length of the blades so that 
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Fir,. 56. Details of the Design of Reaction Blades. 

practical requirements shall not be exceeded, the discharge angle 
of the blades must be made greater than 20 degrees. Such blades 
with enlarged **cxit*' angles arc called wing blades. The tangent 
to the curve at the back of the blade on the entrance side becomes 
about 90 degrees, and at the discharge side 45 degrees instead 
of 20 degrees. As the result of this change, the net area for the 
passage of the steam is .71 * (sin 45 degrees) instead of the 
standard *^J''t of the annulus without blades. Wing blades 
7 inches long can be used to replace satisfactorily the blades in 
the 5th group; but as those of the 6th, 7th, and 8th groups must 

* In the turbines of the steamer Mauretania, wing blades giving a passageway 
of .86 of the annulus were used, but such a large degree of '* winging " is not 
adopted in steam turbines for electric generators. 

t The sin of 20 degrees i«? .34, but practical designers take it of ten for convenience 
in calculating as J. 
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l)e made of the same length, these blades will be shorter than they 
should be. This constriction of the steam passage, however, can- 
not well be avoided without making the rotor in four diameters. 
Fig. 56 shows how the blades of reaction turbines are laid out. 
As explanatory of this figure a table is given below showing the 
corresponding dimensions used by one manufacturer.* In the 
table data for five standard blades are given for var}ing discharge 
angles (o) from 20 degrees to 35 degrees and blade widths (w) 
of .25, .375, and .50 inch. All the linear dimensions are given 
in inches. ^ is the entrance angle of the blades. 







lUade 


Number. 


4 






■ 

1 


2 


3 


5 


a 


20 


20 


20 


30 


18^40' 


a 


10** 


9^30' 


14^30' 


15° 45' 


w 


0.25 


0.375 


0.50 


0.50 


0.50 


? 


67** 30' 


67** 30: 


67° 30' 


60° 


60° 


R 


0.48 s 


0.555 


0.794 


0.804 


0.810 


A 


0.03s 


0.045 


0.068 


0.050 


0.040 


h 


0.020 


0.020 


0.020 


0.020 


0.020 


^. 


0.172 


0.260 


0.342 


0-313 


0.304 


C 


ao49 


0.040 


O.IIO 


0147 


0.218 


^. 


0.070 


0.109 


0.164 


0.210 


0.212 


k 


0.008 


O.OIO 


0.015 


0.040 


0.056 


m 


0.123 


0.185 


0.288 


0.280 


0.280 


n 


0.185 


0.280 


0383 


0.332 


0.330 


I 


0.166 


0.223 


0.282 


0.156 


134 


H 


0.478 

1 
1 


0.552 


0770 


0.770 


0.770 



Another table is given here showing the principal dimensions 
of a 400-kilowatt reaction turbine with 3, 4, and 5 groups per 
section. The blade numbers in this table refer to the corre- 
sponding numbers in the table above. This table is partic- 
ularly useful for showing values assumed by designers for the 
blade pitch. It is not considered praclical^le in this type of blade 
construction to use a smaller pitch than .177 inch when a calking 
tool must be inserted between the blades. Manufacturers have 
usually curve sheets of empirical data from which the pitch and 
other standard dimensions are obtained. 



♦ The Engineer, Dec. i6, 1907. 
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FIRST SECTION. 



Namber 

of 
Group. 



I 

2 

3 



Diameter of 
Section in 
Feet. 



Di- I Blade ! ^^^ 
i^f;. 1 "rnSU'" Number 




I 
I 



1 

Volume 
Cubic Feet 
per Pound. 


r»+ r, 


Blade • 
Pitch. 


4.08 


.62 


0.177 




.62 


0.25 
0.1875 




.62 


0.2475 
0.172 


8.92 




0.2175 



SECOND SECTION 



THIRD SECTION. 



Number 

of 
Blades. 



179 
127 
169 
128 
184 
146 



I 


1. 187 


20 


0.6875 


2 


8.92 
10.63 


.62 


0.20 
0.31 


180 
116 


2 


1. 187 


20 


0-9375 


t 


10.63 
13.8 


.62 


0.215 
0.3075 


207 
"44 


3 


1. 187 


20 


1.2 


2 


'3.8 


.62 


0.215 


207 


4 


1. 187 


20 


'.75 


2 


18.8 
18.8 


.62 


0.323 
0.208 


158 
214 












26.6 

1 — . 




0.326 


137 



I 


1.88 


20 


0.9375 


2 


26.6 


.62 


0.208 


340 


2 


1.88 


20 


".3125 


2 


35? 


.62 


0.307 
0.208 


230 
340 


3 


1.88 


20 


2.00 


2 


5"? 


.62 


0.339 
0.198 


210 
358 


4 


1.88 


30 


2.75 


4 


83.8 
83.8 


.69 


0.355 
0.25 


200 
284 


5 


1.88 


30 


4.5 


4 


161 
161 

3" 


.55 
.70 

.46 


°-53„ 
0.308 

0.54 


134 
230 
13^ 



Radial Leakage. As the volume of the steam increases, the 
area of the annulus of each ring of blades must, of course, increase 
proportionally. This increased area would be obtained most 
easily, as with impulse turbines, by increasing the blade heights 
in each ring. This method, however, would make it necessary 
to carry as stock in the store-room a great number of blades of 
different sizes. In order to reduce the stock of blades and to 
reduce the cost of machining the rotor and casing, it is custom- 
ary to make a group of several rows of blades of the same height, 



STEAM TURBINE TYPES AND BLADE DESIGN 107 

and the required increase in area through each ring of blades is 
obtained by decreasing the number of blades in each succeeding 
stage. The two values of volume, pitch, and number of blades 
given for each group in the preceding table are for the rows at the 
beginning and at the end of the group. 

In the discussion of the design of these reaction turbines it has 
been assumed that each section of the rotor is made of the same 
diameter from the first to the last group. For theoretical con- 
siderations this assumption is permissible, but actually for each 
blade group the diameters of both the rotor and casing are 
changed so that approximately half the increase in blade height 
is cut out of the casing and the other half is taken from the rotor. 
It is usually stated that this is done merely for mechanical reasons, 
but this method has advantages also in order to secure the best 
steam flow. It is well known that steam tends to fill completely 
the passage through which it flows and at the same time expand 
at right angles to its axis of flow. Now if all the expansion is 
made on the casing side of the blades the expansion of the steam 
will increase the leakage around the tips of the blades next to the 
rotor without materially affecting the leakage at the tips nearest 
the casing. 

The leakage of steam around the tips of the blades depends, 
of course, again upon the amount of the radial clearance. Im- 
provement in the design of reaction turbines will be largely 
accomplished (i) by skillful designing and machine work to 
permit the reduction of radial clearances and (2) by increasing 
the blade speed. In fact the question of allowable radial clear- 
ance depends finally on the blade speed. If the blade speed is 
increased it is possible to use higher steam velocities with larger 
pressure drop per stage, and consequently fewer stages. This 
is apparent also from an inspection of the designing formula on 
page 97. With fewer stages a shorter rotor is required which 
will also be proportionately sliflfer; and with a stiff shaft it is pos- 
sible to allow very small radial clearances, provided, of course, 
temperature effects 'are carefully studied. On the other hand, 
by increasing the pressure drop per stage the tendency for leakage 
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is increased, but there is also a compensating effect in that the 
number of leakage areas is correspondingly reduced. 

The reader will have observed that the design of reaction 
turbines is largely by " cut and try *' methods. For this reason 
it is a financial absurdity for a manufacturer to-day to begin 
making reaction turbines unless he has practically imlimited 
resources and can obtain from makers of similar machines at 
not too large a cost the results of their experiences. 

The method explained here of determining the important and 
unique parts in the design of a reaction turbine for a given set 
of conditions, as regards maximum output, steam consumption, 
pressure, superheat and vacuum, although very simple in all 
essentials as regards standard practice, gives results on which it 
is impossible to improve by the most elaborate mathematical 
analysis imaginable. In fact all elaborately mathematical anal- 
yses of the action of steam in a reaction turbine depend finally 
on the substitution of certain coefficients, most of which have 
no basis in fact. 



DESIGN OF A COMBINED IMPULSE AND REACTION 

TURBIXK. 

The design as regards the general method for a combined 
impulse and reaction turbine will be simUar to that for the 
design of the impulse turbine (pages 86-95), which had two 
velocity stages in the first pressure stage with two rows of moving 
blades or buckets. All the other pressure stages had only one 
velocity stage and therefore only one row of moving blades. 
For the combined impulse and reaction (similar to Fig. 107, 
page 174), the first stage might well be arranged with two velocity 
stages as in the design referred to, and the other stages could 'then 
be designed as a separate two section reaction turbine, assuming 
the steam to enter the reaction portion of the turbine at the 
quality determined by adiabatic expansion in the first stage. 
Assume twice as much work is done in the second reaction sec- 
tion as in the first. With this understanding it is certainly 
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unnecessary to go through again in detail the details of the de- 
signing of the blading of the reaction portion. 

Another method would be to divide up the work to be done 
by the various sections as in the design of the complete reaction 
turbine; that is, one-fourth of the work would be done by the 
first pressure stage having its two velocity stages (as in Fig. 107, 
page 174), another fourth would be done by the first section of 
the reaction blading, and the remaining half of the work by the 
second and last section of reaction blading. 

In the case of a double-flow turbine in which the low-pressure 
section is divided into two halves, the equation given on page 
lood for minimimi permissible diameter of the last stage would 
be found to be approximately 

d,* = J X .57 X output in kilowatts 
or d/ = .285 X output in kilowatts. 

In the same connection purchasers of steam turbines should 
guard well their interests by exercising good business judgment 
in purchases. Like all other kinds of machinery, there will be 
" troubles " with hew types of steam turbines, and unless the 
manufacturer is known to be financially responsible and well 
established in the business, the purchaser should not buy until 
he has made very careful investigations of the merits of the new 
machines; and he should always insist on having accurate and 
complete acceptance tests, made preferably by disinterested 
engineers of repute. 

Exercise. — Design the blades for a 300-horsepower (maxi- 
miun output) impulse turbine with two pressure stages and two 
velocity stages in each pressure stage (Curtis tjrpe). Initial ad- 
mission pressure is 165 pounds per square inch absolute at 100^ F. 
superheat, and the exhaust pressure is i pound per square inch 
absolute. Blade speed 500 feet per second. Reheating factor 
is 50 per cent. Use 8 nozzles and arrange for equal energy- dis- 
tribution in the various stages. Nozzle loss is 2 per cent, of 
velocity, and take blade losses from curves on page 85. 
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Exercise. — Design of the blades for a reaction turbine with 
50 stages (Parsons type) for the same conditions of power, pres- 
sures and superheat as in the preceding example. 

Exercise. — Design the blades of a combined impulse and re- 
action turbine, having a single pressure stage of the impulse 
type with two velocity stages (Curtis type) and the usual type 
of reaction blading. Conditions of power, pressures and super- 
heat are to be the same as in the preceding exercises. 



GENERAL COMPARISON OF COMMERCIAL IMPULSE AND 

REACTION TURBINES. 

IMPULSE. 

1. Few stages. 

2. Expansion in nozzles. 

3. Large drop in pressure in a stage. 

4. Initial steam velocities are in general high (1000 to 4000 feet per second). 

5. Blade velocities 400 to 1200 feet per second. 

6. Best efficiency when blade velocity is nearly half the initial velocity of the 
steam. For a single wheel per pressure stage. 

REACTION. 

1. Many stages. 

2. No nozzles. 

3. Small drop in pressure in a stage. 

4. All steam velocities are low (300 to 600 feet per second). 

5. Blade velocities 150 to 400 feet per second. 

6. Best efficiency when the blade velocity is nearly equal to the highest velocity 
of the steam. 
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work done per slage is always much greater in current 

.ce in impulse than in reaction turbines. For the same 

Umits of pressure the work per stage is inversely propor- 

to the number of slages. 

In general, we may say that mechanical considerations and 

speed at which machinerj' can be conveniently operated 

.ennine the size and number of revolutions at which a tur- 

le can be run. In a good design about the same total efficiency 

■*a obtained, whether the turbine is classified as an impulse or a 

^■neaction machine. 

Radial Blade Clearances. In impulse turbines the radial 
clearance (between the blade ring and the inside of the casing) 




Fic. 57- nil 



pulse Turbine. 



is not important. It is one of the first principles of a good 
design of an impulse turbine that the blades shall be made long 
enough to allow the steam to be discharged through them freely 
nHthout "choking" the flow and "spilling" steam over the outer 
edges of the blades. Since the pressure is the same on the two 
sides of the blades, radial blade clearances in impulse turbines 
can be made of generous dimensions. (See Figs. 57 and 119, 
in which Curtis designs are shown.) 
In reaction turbines, on the other hand, it is very necessary to 
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make radial ckaranccs as small as is mechanically possible, 
because in these turbines ibc steam expands in the moving as 
well as in the stationary' blades and there is a drop in pressure 
between the two iades of even- row of blades. On account of 
this pre^ure drop there b a continuous flow of steam around the 
edges of the blade:», which is large or small in amount in pro- 
ponion to the size of the radial clearances. The clearance 
between the slaiionar}- blades nxcd to the casing and the surface 
of the rotor is of course just as important as that between the 
moling blades and the casing. An American manufacturer of 
the Parsons reaction turbines ststi-s that the radial clearances ate 
from .02 lo ,10 inch, varjing with the diameter of the drum. 
These hmits are given for drums between i foot and 10 feet in 
diameter. Radial clearances of large sizes of Pardons turbiaea 
made by Brown-Boveri & Co. are from 2 lo 3 millimeters 
(.oS to .13 inch). Attainment of minimum safe radial clear- 
ances is the goal for c\"er\' designer of reaction turbines. 

Axial Blade Clearances. Asial clearances nith respect to 
impulse and reaction lurlMnes present conditions just opposite 
from lho>t' for radial dearancts. In reaction turbines, axial 
clearance is not an important factor in the design. Until recently, 
however, it was considered ver)' important in the design of im- 
pulse turbines to make the asdal clearance between the moving 
blades, and nozzles or stationarj' blades, as small as pos^ble; and 
indetxl, unfortunately, some impulse turbines in the early days 
were built with verj- small axial clearances, so that the least 
vibration of the shaft would cause striking of the moving blades 
against the nozzles. It has been shown, however, by actual 
fxi>erience as well as by experiment that axial clearances can be 
made as large as .20 inch without appreciable loss; or, in other 
wonls, iiriii.tii.ally as large as in reaction turbines — usually 
itKiut .to to .;o inch. 

I'ho ill tlic lilt ics of the designers of the first commercial 
luij-iiKc tiirtiiiu's can well be imagined when it was considered 
w.' v\.M'uUal li' make tlic axial clearances not more than .02 or .03 
»W;tt, tu Iho liiM- of OHO small turbine built with three stages 
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the axial expansion of the shaft in the length included between 
the high pressure nozzle mouths and the blades of the third 
stage was .10 inch by actual measurement. To allow for a shift- 
ing of the blades of .10 inch with only .03 inch axial clearance in 
a turbine with velocity stages was not an easy problem. 

Axial clearances in Curtis impulse turbines are .06 to .15 inch 
for 500-kilowatt sizes, and in larger machines are sometimes as 
much as .25 inch. In Rateau impulse turbines these clearances 
are from .12 to .25 inch.* 

Materials for Blades and Erosion. Rolled steel is a very 
suitable metal for turbine blades when used for dry or super- 
heated steam at either high or low velocities if the turbine is 
kept in practically continuous operation. Wet steam, however, 
will wear away steel blades very rapidly by erosion, and when a 
tiu-bine fitted with steel blades is idle for days at a time the 
blades will corrode, so that when it is started again the particles 
of iron oxide (rust) will be carried away by the steam to act 
like a sand blast on the blades in succeeding stages. Steel is 
an exceptionally good material for blades under favorable con- 
ditions because it can be rolled cheaply into bars of any shape 
of section, t and it is unequaled for strength. Copper alloys, 
known in the trades as "extruded metal,'' are made into bars 
of any shape of section by "drawing'' as wire is manufactured. 

No metal has all the physical properties desirable in a blading 
material. Recently a compound metal known as Monnot or 
"duplex" metal has been developed. It consists of a steel core 
covered with a thin copper sheathing chemically welded to the 
steel in such a perfect manner that the blades may be drawn 
cold from the original ingot into the required finished section 

♦ In impulse turbines with nozzles discharging radially into blades or buckets 
on the rim like the Sturtevant, Terry, or Riedler-Stumpf types, it is stated that there 
is no appreciable change in velocity loss when the radial clearance (between the 
nozzle and the buckets) is increased from .10 to .40 inch. 

t Rolled bars are cut up into lengths corresponding to the height of the blade 
plus an additional length for dovetailing into the rim of the turbine wheel. When 
this dovetailing method is used (Fig. 63) the blades are separated from each other 
by '* spacing pieces " of suitable shape to fit between the blades. 



-^M between the copper and 
- ^<L*tiun of a blade of this 



■ ^*^' 59-61. which are too 
-dily cast of bronze or copper 



Bif Mucuul Mclal (Sleet anil Copper). 

. ^mihir lo those used in Wilkin- 
" ihc forks far enough apart 
^»I section of ihe rim and are 
ijt\'. .\jiothcr method is to 
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■ m section for a short length, 
iioir normal position can be 
V pushed around on the rim 

■i- parts of the rim cut away 

v^ al ihal section. 
- turbines arc sometimes cut 

(inlic machinery, De Laval 
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blades are made of steel forged inlo (he peculiar shape r 
for insertion into the disk wheel. {See Fig. 64,) 

It is stated that the usual alloy used in England for blades of 
Parsons turbines is 63 Cu + 37 Zn; but any zinc alloy is quite 
unsuitable for superheated steam or for high velocities. 

Fig. 65* shows ihe effect of the erosion due to steam on blades 




made of Delta melal about 60 Cu + 37 Zn + 3 Fc. These 
blades were held stationary in a steam jet for iz8 hours. The 
blades on the left side of the figure were subjected to steam at 
2goo feet per second; and those on the right to steam at 600 
feet per second. Low-velocity steam eroded the blades so little 
that the tool marks put in the blades when they were made are . 
still visible. 

* The Butliai is indebted to Mr. Francis Modgkinson for this pliotograph. 




CHAPTER V. 

MECHANICAL LOSSES IN TURBINES. 

h the designs of turbines on the preceding pages the nozzle 
and blade eflBciency was first calculated, and then the total, or 
"over-all,** shaft efficiency was obtained by subtracting other 
losses as follows: 

(i) Disk and blade friction, or windage, due to rotation in a 
fluid medium (steam). 

(2) Leakage of the steam chiefly through the clearance 
between the shaft and the diaphragms of a multi-stage impulse 
turbine and through the radial blade clearances in a reaction 
turbine. 

(3) Bearing and stuffing-box friction losses. 

(4) Radiation. 

Of these the first three are, in a way, mechanical losses in the 
sense that the details of mechanical design largely determine 
their values. 

The first of these losses, disk and blade rotation loss, is by far 
the most important and will be discussed first. 

Losses Due to Friction of Turbine Wheel Revolving in Steam. 
Losses due to revolving disks or wheels in steam are very ditVi- 
cult to determine with accuracy. Tests to determine these 
losses are usually made with the wheel rotating in stagnant 
steam, and it is practically imj)ossible to have, under these con- 
ditions, steam of the same quality or superheat in all parts of tlic 
casing. A number of formulas have been proposed for the 
friction losses of disks and blades in drv saturated steam, but 
there is no good agreement of the results of dilTerent experi- 
menters. In fact no great accuracy can be expected because 
there is no doubt that the exponents of logarithmic friction 
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Or the curve given in Fig. 68 can be used to correct equations 
(35), (26), and (37) by means of a coefficient. 

While the eEFect of superheating is to reduce these losses, 
moisture, on the other hand, increases them very appreciably. 
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Fig. 68. Curve to Correct Rotation Loaaea for Superheat 
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t Rntalion Losses for Moisture. 



Fig. 69 shows a curve giving the coefficients to be applied to the 
losses calculated by the above formulas for dry saturated steam 
h> wrrect for moisture. 

EBunplc Calculate the frictional rotation loss of a disk 3 
St*t ttt vliamekT of a non -condensing single stage turbine (steam 
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pressure 15 pounds per square inch absolute) when the steam 
is (i) dry saturated, (2) superheated 100° F., (3) 10 percent 
wet. The speed is 3600 revolutions per minute. Determine 
also the rotation loss of a single row of blades i inch long on 
this disk. 

At high peripheral speeds the rotation loss of a non-condensing 
turbine with the >vheels revolving in steam at atmospheric pres- 
sure is quite large, as the example above illustrates. This loss 
decreases, however, very rapidly with increasing vacuum, and 
is, in fact, nearly prof)ortional to the pressure. This fact is 
not, however, always appreciated by designers. Of course, 
when disk and blade rotation losses are being calculated for a 
series of pressures for the several stages of a turbine, as is usually 
done before deciding on the nozzle prop)ortions, it is only neces- 
sary, if the wheel dimensions are constant, to calculate for one 
pressure and determine the values for the other stages by multi- 
plying by a constant representing the ratio of the densities. Of 
all the variables in equations (25), (26), and (27), the density is 
the only term varying as the first power. For most work it will 
be allowable to assume, within a small range, the density pro- 
portional to the pressure ; that is, if the disk and blade loss has 
been calculated in steam at some given pressure, the correspond- 
ing friction loss at any other pressure may be found by the ratio 
of the pressures. 

The disk and blade rotation losses of a Parsons or other drum 
tjrpe may be calculated with the above formulas by calcu- 
lating the loss for each group of blades of the same length and 
diameter and adding to the sum of the blade losses the rotation 
loss due to disks approximately equivalent to the outside surface 
of the drum. As the friction loss due to the drum itself is small 
compared with that of the many rows of blades, no great accuracy 
need be attempted in this calculation. 

In small sizes of steam turbine-generators the rotation loss is a 
considerable percentage of the total output. The disk and blade 
loss of a single stage turbine with a single row of blades, rated by 
the manufacturer at about 250 kilowatts at 3600 r.p.m., is shown 
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in Fig. 70. The curves show that the rotation or wind^e loss 
of the generator alone is about 30 kilowatts and the total rotation 
loss is 50 Icilowatts or 30 per cent, of the rated output. Similariy 
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Fic. 70. Rolalion T^5S Cunes of 25o-KiloHat( Turbine-Generator. 

the total rotation loss of a 2000 to 3000 kilowatt turbine-gen- 
erator is from 10 to 15 per cent, of the rated output. 

Method of Making Tests to Determine Wheel and Blade 
Rotation Losses of a Steam Turbine. The simplest method for 
making such a test, and the one commonly employed, is to attach 
an electric motor to the turbine shaft (sometimes in a direct- 
connected set the generator is used as a. motor) and run it at a 
number of different speeds. In taking a series of speeds, no 
obser\'alions arc made until conditions have become "steady," 
and the speed must he held constant for several minutes so that 
a Dumber of readings tan \>c taken on the electrical instruments 
aneadurtDg the input of the motor. The results give the rota- 
riwa loss of the wheel and blades in steam as well as bearing 
Jiyww and the rotation or " windage '' and electrical losses of the 
^■■c Then the turbine wheel is rcmo\'ed, leaving the packing 
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at the generator end of the turbine on the shaft, and the motor is 
run alone. The power now measured is that required to over- 
come the rotation and electrical losses of the generator and the 
bearing friction. Cur^'es of power and speed as variables (Fig. 
70) arc plotted for each set of observations, and the disk and 
blade loss is determined by subtracting the ordinates of one curve 
from those of the other. It may be assumed with sufficient 
certainty that the w^eight of the turbine wheel itself would not 
alter the bearing losses to any considerable extent.* 

The important fact that all results given here are for disks and 
blades revolving in a stagnant medium must not be overlooked, 
and it must not be assumed that the results will be the same 
under actual operating conditions. It may be a coincidence that 
the losses are the same in both cases. Under operating condi- 
tions, the spaces between the wheel blades are filled with steam 
flowing from the nozzle over the blades and then to the condenser. 
Now it has been shown by a series of experiments by Laschef 
of the .\llgemeine Electricitat Gesellschaft (Berlin) that increasing 
the number of nozzles around the turbine wheel reduces the disk 
and blade rotation losses. These losses in the blades are verv 
largely due to the fan action of the blades which start currents of 
steam just as a centrifugal fan does. In other words, this is what 
Stodola calls ** ventilation. '■ With steam flowing through the 
blades, this fan action is largely prevented and the losses are con- 
sequently reduced. Another reason why the disk and blade 
rotation losses should be less when the turbine is operating than 
they are in stagnant steam, is that they are really friction losses, 
or a conversion of kinetic energy into heat, with the effect of 
either superheating or drying the steam. In a turbine with 
more than one stage a part of the heat energy gained as the result 
of the friction is converted in the next expansion into kinetic 
energy or velocity. It is usually assumed that about 15 percent. 

* It may be interesting to observe that since disk and blade friction is pro- 
portional to the density of the medium, the friction is therefore greater in air than 
in dry saturated steam at atmospheric pressure. This is shown by experiments 
published by Lcwicki in Zeit. Verein deutscher Ingenieure, March 28, 1903. 

t Stodola, Die Damp/turbinen, third edition, page 130. 
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of the disk and blade losses are regained by the reheating, and 
that therefore the actual friction losses in an operating turbine 
are about this amount smaller than in stagnant steam. In cases 
of full admission true blade friction disappears; and a proportion- 
ate reduction will also take place, according to the degree of 
admission, when it is partial. 

Investigation of wheel and blade friction losses by the author, 
using a modification of the method first suggested by Lasche of 
Berlin, did not show the reduction in these losses to be expected 
when determined under operating conditions. These results, 
however, cannot be considered conclusive, as the type of machine 
used was not well suited for the puroose, and only 25 per cent, of 
the blades were filled with steam. has been stated that when 
a large quantity of steam passes into the casing through a suit- 
able opening without passing through nozzles and escapes through 
the exhaust (without increasing the pressure), the disk and blade 
rotation losses are increased as much as 20 per cent. This 
apparently is an influence to counteract the effect of filling the 
blades. 

In all the analysis that has preceded there are so many uncer- 
tain variables entering thai it is impossible to get agreement, 
although, apparently, we have a large amount of data from which 
to draw. It may be stated, however, that all in all, the best data 
on disk and blade friction seem to show that it is smaller and of 
less significance than the results of most investigators would 
show. 

A little space should be gi\en to Lasche's very interesting 
method,* A turbine-generator set was used in which the number 
of nozzles discharging into the turbine could be regulated and the 
output of the generator was observed for each setting of valves, 
and tests with varying loads were made at a number of different 
speeds. The turbine wheel was then removed from the shaft, 
and by running the generator as a motor the friction losses in the 
stulhng-box at the generator end of the turbine and in the bearings, 
as well as the windage loss of the generator, were determined. 
* Stodola, Dif Damp/lurhintn, third edition, page 131. 
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The resistance of the armature and brushes was also measured to 
calculate the heating (Fr) loss. The sum ol these losses was cal- 
culated for a number of loads (kilowatts) and curves ^milar to 
those in Fig. 70 were obtained. Curve A in Fig. 71 shows the dec- 
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Cun«i for Deteimining DUk and Blade Roiatinn Lchscs at Opcruiing Conililions. 

trical output at 3500 r.p.m. Curve B in the same figure, rejircscnl- 
ing the power delivered to the shaft by the turbine, was obtainid 
by adding to the generator output for each set of nozzles open 
(curve A) the corresponding generator losses (windage, iK'aling, 
and bearing friction). The lower portions of curves .1 and B 
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are practically straight lines, and by producing curve B to the 
horizontal axis, its intersection represents on the scale of abscissas 
the disk and blade rotation losses of the ttirbiiie at the speed of 
the test and under actual operating conditions. 

By making a series of such tests at difiFerent speeds curves of 
rotation losses can be made. Fig. 72 shows typical curves of shaft 
f>utput for speeds of 3000, 3500, and 4000 r.p.m. Although 
this method requires very careful experimenting, the same must 
be said of any other method of obtaining these losses, and most 
of the results that have been published are very poor. At least 
it must be admitted that by this method a number of uncertain 
factors to be considered in the '^ stagnant steam" method are 
eliminated. 

The lines in Fig. 72 are really the same as '^ Willans lines'' and 
might just as well be plotted for total ''flow'' of steam per hour 
as for nozzles open. In fact in turbines where there are no 
nozzles the "flow" of steam must be used. It is obvious that 
any load curve of brake horsepower giving the total steam con- 
sumption can be used to determine the rotation loss by producing 
the "flow" line to the axis on which the output is scaled. A 
good check on the results of such rotation loss tests is secured by 
observing whether the lines for the speeds near the rated speed 
cross each other at about the rated output. In a good design the 
S|hhhI output curve will be like the curve in Fig. 80, giving 
ncurly ihc same output at speeds considerably above or below 
the rating. 

The no load steam consumptions of 2000, 5000 and 9000 kilo- 
wiMt Curtis turbine-generators are respectively about 14, 12.5, 
;iad 5^ iH^r cent, of that at full load. In other words these 
MV«<^U^ an* only from one to two per cent, greater than the 
^ the disk and blade rotation and generator windage 
G^f^trator windage loss is probably about equal to 
^ dA iK^ turbine losses. It is generally assumed that 
!^ teiit ^^Kejsa consumption of a Parsons turbine (without 
r^ igL a^bout 12 per cent, of that at the normal 
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It is stated* that at no load the steam required for very large 
reciprocating engines and generators is probably in no case less 
than 15 per cent, of that used at full load. 

Leakage Loss. The other imp)ortant mechanical loss in a 

steam turbine is that due to the leakage of steam through the 

passages of the turbine without doing work. In impulse turbines 

of more than one stage this loss is chiefly caused by the leakage of 

steam between the shaft and the diaphragms. In a great many 

turbines no satisfactor}- packing is provided at these places and 

the loss is sometimes more than 10 per cent, of the total amount 

of steam supplied to the turbine. In reaction turbines the loss 

is due to leakage through the radial clearance passages and is 

large or small in proportion to the size of these clearances. The 

loss is usually assumed to be about 5 j^cr cent, in good Parsons 

turbines. 

Future improvements in the economy of all types of steam tur- 
bines will depend largely on the success of designers in reducing 
these leakage losses. For impulse turbines an improved design 
has been patented by Wilkinson (page 204). In reaction tur- 
bines it can be reduced by making a shorter and stiller shaft. 

Bearing Friction. This loss is due to the friction of the shaft 
in its bearings, and in a De Laval turbine the friction of the gears 
is usually included. An analysis of the losses in a Dc Laval 
turbine is given on page 152, where the bearing friction loss is 
given as one per cent. Bearing friction is also discussed in the 
footnote on page 92. 

* Kniesi, Froc. Am, Street and Interurhan Railway Engineering Association, 
1907. 



CHAPTER VI. 
IfiETHOD FOR CORRECTING STEAM TURBINE TESTS. 

Standard Conditions for Steam Turbine Tests. If tests of steam 
turbines could always be made at some standard vacuum, super- 
heat, and admission pressure, then turbines of the same size and 
of the same type could be readily compared, and an engineer 
could determine without any calculations which of two turbines 
was more economical for at least these standard conditions. But 
steam turbines and engines even of the same make are not often 
designed for and operated at any standard conditions, so that a 
direct comparison of steam consiunptions has usually no signifi- 
cance. 

It will be shown now how good comparisons of different tests 
can be made by a little calculation involving the reducing of the 
results obtained for varying conditions to assumed standard 
conditions. The method given here is that generally used by 
manufacturers for comparing different tests on the same turbine 
(a "checking" process) or on different types to determine the 
relative performance. To illustrate the method by an applica- 
tion, a comparatively simple test will first be discussed. 

Practical Example. Corrections for Full Load Tests. The 
curve in Fig. 73 shows the steam consumption for varying 
loads obtained from tests of a 125-kilowatt steam turbine 
operating at 27.5 inches vacuum, 50*^ F. superheat, and 175 
pounds per square inch absolute admission pressure (at the 
nozzles). It is desired to find the equivalent steam consump- 
tion at 28 inches vacuum, 0° F. superheat, and 165 pounds per 
square inch absolute admission pressure for comparison with 
"guarantee tests'' (Fig. 74) of a steam engine of about the 
same capacity operating at the latter conditions of vacuum, 
superheat, and pressure. The manufacturers of the steam 

126 
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Fig. 73. Load Curve of a Typical 115-Kilowail Steam Turbine. 
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. 74. Comparative Load Curves of a Reciprocating Steam Engine and a Slcam 
Turbine — Both of 135 Kilowatts Capacity at Full Load 
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turbine have provided the cun^es in Figs. 75, 76, and 77 
showing the change of economy with varying vacuum, superheat, 
and pressure. With the help of these correction cunres, the 
steam consumption of the turbine can be reduced to the conditions 
of the engine tests. Fig. 75 shows that between 27 and 28 inches 
vacuum a difference of one inch changes the steam consumption 
."i.o pound. Fig. 76 shows a change of 2.0 pounds per 100® F. 
•superheat, and from Fig. 77 we observe a change of 5.0 pounds 
in the steam consumption for 100 pounds difiFerence in admission 
pressure. Compared with the engine tests the ste^m turbine was 
•operated at .5 inch lower vacuum, 50® F. higher superheat, and 
10 pounds higher pressure. At the conditions of the engine 
tests, then, the steam consumption of the steam turbine should be 
reduced .5 pound to give the equivalent at 28 inches vacuum, 
but is increased i.o pound to correspond to o® F. superheat, and 
,5 pound more to bring it to 165 pounds absolute admission 
pressure. The full load steam consumption for the steam tur- 
bine at the conditions required for the comparison is, therefore, 
24.5 — .5 + 1.0 + .5, or 25.5 pounds.* 

Persons who are not very familiar with the method of making 
these corrections will be liable to make mistakes by not knowing 
whether a correction is to be added or subtracted. A little 
thinking before writing down the result should, however, prevent 
such errors. A\Tien the performance at a given vaciiuih is 16 be 
corrected to a condition of higher vacuum the correction must be 
subtracted because obviously the steam consumption is reduced 
by operating at a higher vacuum. WTien the steam consumption 
with superheated steam is to be determined in its equivalent of 
dry saturated steam (o*^ superheat) the correction must be added 
because with lower superheat there is less heat energy in the 
steam and consequently there is a larger consumption. Usual 

* The corrected steam consumption is found to be nearly the same as that which 
the three correction cun'es show for the same conditions, that is, about 25.0 pounds. 
If there had been a difference of more than about 5 per cent, bctu'cen the corrected 
steam (onsumption and that of the correction curves for the same conditions, the 
*' ratio " method as explained on page 130 for fractional loads should have been used 
also for full load. 
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Tk. 75. Vacuum Correction Curve for a i as-Kilowatt Steam Turbine. 
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corrections for differences in admission pressure are not large; 
but it is well established that the economy is improved by. 
increasing the pressure. 

Corrections for Fractional Loads. It is the general experience 
of steam turbine manufacturers that full load correction curves, 
if used by the following "ratio" or percentage method, can be 
used for correcting fractional or over loads. This statement 
applies at least without appreciable error from half to one and a 
half load, and is the only practicable method for quarter load as 
well.* Stated in a few words, it is assumed then that the steam 
consumption at fractional loads is changed by the same percent- 
age, as at full load, for an inch of vacuum, a degree of super- 
heat, or a pound of pressure. It will now be shown how this 
method applies to the correction of the steam consumption of 
the turbine at fractional loads. Now according to the curve in 
Fig. 75 the steam consumption at 27.5 inches (25.6 pounds) must 

obviously be multiplied by the ratio -»—• ,t of which the numer- 

25.6 

ator is the steam consumption at 28 inches and the denominator 
at 27.5 inches, to get the equivalent consumption at 28 inches 
vacuum. This reasoning establishes the proper method for 
making corrections; that is, that the base for the percentage 
(denominator of the fraction) must be the steam consumption at 
the condition to which the correction is to be applied. J Similarly 
the correction ratio to change the consumption at 50° F. super- 

W%t to o^F. is-i— , and to correct 175 f)ounds pressure to 165 

24.0 

* Jk^My txhttttStivr investigation of this has been made by T. Stevens and H. M. 
kltported in Engineeringy March 2, 1906. 
^bMkt this short length of the curve may be taken for a straight line 

eifor. 

lH Vooks touching this subject so important to the practical^ 

ibMTi the alternative method of taking the steam consump- 

fonditions as the base for the percentage calculations is 

IMted percentage correction cur\'es derived from straight 

^ WMllcl be straight lines and, in application, give ab- 

corrections will fall on curves (see Figs. 87 
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Data and calculated results obtained 



pounds the ratio is-^^ — 

24.3 
by this method may then be tabulated as follows : 



Vacuum, inches. 



Superheat, degrees F. 



Admission pressure, pounds absolute . 
Net correction 



Conditions 


Required 


Correction 


of Test. 


Conditions. 


Ratio. 


275 


28 


25.0 
25.6 


50- 





25.0 
24.0 


175- 


165 


24.8 
243 









Percentage 
Correction. 



-2.34%* 

+ 4.17% 

+ 2.06% 
+ 389% 



* Steps in the calculatioD are omitted in the table, thus 



as -6 



.9766 or 97.66 per cent., making the 



oofTcctioii 100 — 97.66, or 3.34 per cent. It may seem unreasonable to the reader that these percent- 
ases are calculated to three figures when the third figure of the values of steam consumption is 
doubtful. In practice, however, the ruling of the curve sheets must be much finer and to larger scale 
so that the curves cmn be read more accurately. 

The signs + and — are used in the percentage column to 
indicate whether the correction will increase or decrease the 
steam consumption. " Net correction " is the algebraic sum of 
the quantities in the last column. 

The following table gives the results of applying the above 
"net correction" to fractional loads. 



Steam consumption from 
test (Fig. 73) 

Net correction + 3 . 89 %. . . 

Corrected steam consump- 
tion 



} Load 


i Load 


} Load 


^ Load 


31.3 kw. 


62.5 kw. 


93.8 kw. 


125 kw. 


3^-2 


26. Q 


252 


24- 5 


+ 1.2 


-f I.l 


+ 1.0 


+ 1.0 


^2.4 


28.0 


26. 2 


25-5 



I Load 
156.3 kw. 



23.6 
+ .9 

24-5 



Curve B in Fig. 74 shows the corrected curve of steam con- 
sumption for the steam turbine as plotted from the above table. 
By thus combining, on the same curve sheet, curves A and B as 
in this figure, the points of better economy of the turbine are 
readily understood. 
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Results of economy tests of the various turbines given on the 
preceding pages are of verj' little value for comparison when the 
steam consumptions or " water rates " arc given for all sorts of con- 
ditions. With the assistance, however, of cunes like those shown 
in Figs. 75, 76, and 77, if they are representative of the I>pe and 
size of turbine tested, it is possible to make valuable compari- 
sons between two or more different turbines. Some very recent 
data of Curtis and Wcstinghousc- Parsons turbines are given 
below, together with suitable corrections adopted by the manu- 
facturers for similar machines. 









in ^ 


S -l-^N 


1,. 5^ 


J ^^ 


I. U 


it =^ 
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FtC. 78. Typical Vat 



Vtcanm Indus of Uucnrj 
n Correction Curve of a 5ooo>EJIowatt Impulse 

Turbine. 



The following test of a Westinghouse-Parsons turbine, rated 
at 7500 kilowatts, was taken at Waterside Station No. 2 of the 
New York Edison Co., and a comparison is made with a test 

of a five-stage 9000-kilowatt Curtis turbine at the Fisk Street 
Station of the Commonwealth Electric Company of Chicago. 
As no pressure correction is given for the Curtis machine, the 
New York Edison test is corrected to the pressure at which the 
other machine was operated (179 pounds per square inch gauge). 
Approximately an average vacuum for the two tests is taken 
for ihe standard, and 100° F. superheat is used for comparing 
the superheats. These assumed standard conditions make the 
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corrections for each turbine comparatively small. When two 
tests are to be compared, by far the more intelligent results are 
obtained if each is corrected to the average conditions of the 
two tests, rather than correcting one test to the conditions of the 
other. There is always a chance for various errors when large 
corrections must be made. 



7500-KILOWATT WESTINGHOUSE-PARSONS TURBINE. WATERSIDE 
STATION NO. 2. NEW YORK EDISON COMPANY. 

Tested Sept. i, 1907. 



■ 

■ 


8 

750 

177-5 

273 

95-7 

9830 -5 

i5i5t 


Corrected 
to 


Correction, 
per Cent.* 


Duration of test, hours 






Speed i«voluti(MM ni»r minute 






Average steam pressure, pounds gauge 


179 
28.5 

100 


— . 15 


Average vacuum, inches (referred to 30 in. barom.) 
A^enuR suDerheat. de^ees Ft , 


-336 
- .29 


Average load on generator, kilowatts 

Steam consumption, pounds per kilowatt-hour. . . 
Net correction. Der cent 








-3.80 


Corrected steam consumption, pounds {>er kilo- 
watt-hour 




»4-57 



* The icHamog ooRectioos were given by the manufacturers and accepted by the purchaser as 
reptwcntatJTe of this type and size of turbine: 
Pressure cosrectioo .1 per cent, for x pound. 
Vacnom oonecdon lA per cent for i inch. 
Saperfaeat correction 7x> per cent, for xoo degrees F. 
t This is tI per cent, better than the manufacturer's iniarantee 



from Electric Journalt 

November, 1907, p. 658. 



9000-KILOWATT CURTIS TURBINE. FISK STREET STATION. COMMON- 
WEALTH ELECTRIC COMPANY. CHICAGO. Tested in 1907. 



Correction, 
per Cent.* 



Duration of test 

Speed, revolutions per minute 1 750 

Average steam pressure, pounds gauge 1 79 

Average vacuum, inches (referred to 30 in. barom . ) 1 2() . 55 

Average superheat, degrees F 116 

S070. 
13.0 




Average load on generator, kilowatts 

Steam consumption, pounds per kilowatt-hour. . 

Net correction, per cent 

Corrected steam consumption, jKmnds per kilo- 
watt-hour 




14.26 



• The following percentage corrections were u^-d : 
Superheat correction 8 per cent, for loo"^ F. 
Vacuum correction 8 per cent, for i inch from curve in Fij?. 7S. 
Pressure correction not given. 



G. E- HulUtin, 
Xo. 4 5.; I . 
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These results show a difference of only .20 pound in the cor- 
rected steam comsumption, so that for exactly the same con- 
ditions these two machines would probably give approximately 
the same economy. E^ch turbine is doubtless best for the 
special conditions for which it was designed. 

These results are equivalent to respectively 9.58 pounds and 9.72 
pounds per indicated horsepower, assuming 97 pel cent as the effi- 
ciency of the generator and 91 per cent as the mechankal efficiency 
of a large Corliss engine according to figures given by Stott.* 

From experience with other similar turbines it seems as if the 
vacuum corrections given are too low for each turbine. The 
correction for the Curtis turbine was obtained from the curve in 
Fig. 78 as given between 27 and 28 inches, while it was. used 
between 28.5 and 29.5 inches, where the curve of steam consump- 
tion most likely slopes somewhat as shown by the dotted curve in 
the figure, which was derived from the percentage change of 
the theoretical steam consumption calculated from the available 
energy. The correction of 2.7 per cent, per inch of vacuum 
for the Westinghouse-Parsons turbine is probably too low also, 
although the percentage correction would not be nearly as 
large as for the Curtis. If both of these corrections are too 
low, the effect of increasing them would be to increase the cor- 
rected steam consumption of the Curtis turbine and reduce that 
of the Westinghouse-Parsons. 

Large sizes of steam turbines are also made by the AUis- 
Chalmers Company, but sufficient data are not given with pub- 
lished tests to make a comparison here. 

Tests of a 5000-kilowatt Curtis and a 7500-kilowatt Westing- 
house-Parsons turbine are also recorded here for comparison. 
The two tests are corrected to the assumed standard conditions 
of 173.7 pounds gauge pressure, 28 inches vacuum, and 0° F. 
superheat. For the test of the Curtis machine the same per- 
centage corrections were used as for the 9000-kilowatt turbine; 

♦ Electric Journal^ July> iQO?- ^^ ^s stated also in this article that the vacuum 
iv>irciiK»n of a Westinghouse-Parsons turbine is 3.5 per cent, per inch between 28 
uiul jS.s inches. Jude states that the vacuum correction for Parsons turbines is 
tkvc to six per cent. 
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and for the test of the Westinghouse turbine the vacuum correc- 
tion is that given in the footnote at the bottom of page 134 (3.5 
per cent, per inch), while the other percentage corrections are the 
same as in the preceding test of a similar machine. The West- 
inghouse turbine was operated with wet steam. In a test of a 
reciprocating engine the equivalent economy with dry steam is 
calculated by merely subtracting the percentage of moisture, but 
in a turbine test the correction is generally stated as being a little 
more than twice the percentage of moisture. In other words, in a 
turbine test the moisture must be subtracted twice. The reason 
for this difference in the methods of correcting water rates of 
engines and turbines is the very large increase in the disk and 
blade rotation losses in wet steam (cf. Fig. 69). 



MOO-KILOWATT FIVE-STAGE CURTIS TURBINE, L STREET STATION, 
BOSTON EDISON COMPANY. Tested Jan. 29. 1907. 



Duration of test, hours 

Speed, revolutions per minute 

Average steam pressure, pounds gauge 

Average vacuum, in. (referred to 30 in. barom.) . . . 

Average superheat, degrees F 

Average losid on generators, kilowatts 

Steam consumption, pounds per kilowatt-hour. . . 

Net correction 

Corrected steam consumption, pounds per kilo- 
watt-hour 



720 

173-7 
28.8 

142 

5195 
13-52 



Corrected 
to 



173- 7 
28 



15-92 



Correction, 
per Cent. 



o 
+ 6.40 
+ 11.36 



+ 17-76 



7500-KILOWATT WESTING HO USE- PARSONS TURBINE (SINGLE FLOW 
TYPE). INTERBOROUGH RAPID TRANSIT COMPANY. NEW YORK. 

Tested in 1907. 



Duration of test, hours 

Speed, revolutions per minute 

A\'erage steam pressure, i>ounds gauge 

A^-erage vacuum, in. (referred to 30 in. barom.) . . 

Average moisture, per cent 

Average load on generator, kilowatts 

Steam consumption, pounds per kilowatt-hour 
(wet) 

Net correction • • • 

Corrected steam consumption, i)Ounfls ])er kilo- 
watt-hour 



149.7 

3-0 
7135 

17-79 



Corrected 
to 



173.7 
28 



16. 10 



Correction, 
per Cent. 



--2.4 
— I .0: 
-6.0^ 



-9-45 
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It is stated that the steam consumption of the Interborough 
Company's turbine is 15.87 pounds at full load and 15.54 pounds 
at 9000 kilowatts when the overload valve opens. The gen- 
erator connected to this turbine is rated at only 5500 kilowatts* 
With a generator more nearly the rating of the turbine it is 
probable still better results would be secured. 

Corrected tests of a 2000-kilowatt Curtis and a looo-kilowatt' 
Westinghouse-Parsons turbine-generator are also given here. 
Assumed standard conditions and corrections are taken the same 
as in the two tests preceding, except that the Westinghouse test 
is corrected to the steam pressure of the Curtis test. 



2000-KILOWATT CURTIS TURBINE. COMMONWEALTH ELECTRIC COMPANY 

CHICAGO. Tested May, 1905, by Sargent & Lundy. 







Corrected 
to 


Correction, 
per Cent. 


Duration of test, hours 


I 25 
goo 

166.3 

28.5 

207 

2024 

15:02 






Speed, revolutions per minute 






Averaee steam pressure, pounds eaut^c 


166.3 
28 






Average vacuum, in. (rejferred to 30 in. barom.) . . 
Averaee superheat, deerees F 


+ 4-0 
+ 16.53 


Averaee load on eenerators, kilowatts 


Steam consumption, pounds per kilowatt-hour . . 
Net correction 








4-20.53 


Corrected steam consumption, pounds per kilo- 
watt-hour 




18.10 



1000-KILOWATT WESTIXGHOUSE-PARSO.NS TURBINE. Tested September, 

1907, by S. Gilliard. 



Duration of test, hours 

Speed, revolutions per minute 

Average steam pressure, pounds gauge 

Average vacuum, in. (referred to 30 in. barom.). . . 

Average moisture, per cent 

Average load on water brake, horsepower 

Equivalent average load in kilowatts (generator 
efficiency 94%) 

Steam consumption, pounds per brake horse- 
power-hour (wet) , 

Steam consumption, pounds per equivalent kilo- 
watt-hour (wet) 

Net correction 

Corrected steam consumption, pounds per kilo- 
watt-hour 



I 
1800 
147.6 
27.02 

•75 
1503-5 

1055 

13-61 

19-35 



Corrected 
to 



166.3 
28 



Correction, 
per Cent. 



18.04 



-1.87 

--3-40 
-1.50 



-6.77 
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Curves in Fig. 79 are ^ven to compare the steam consump- 
tion of a standard 5000-kilowatt turbine-generator and a 4-cyl- 
inder compound 5000-kilowatt reciprocating steam engine of 
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the type used by the Interurban and Metropolitan Companies 
of New York, assuming both units operating under the same 
conditions. These curves illustrate the good overload economy 
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Willans flow line. A curve of total steam consumption is usually 
a straight line for the normal operating limits of a turbine, but 
usually becomes curved when a by-pass valve opens on overload, 
or when the turbine is over its capacity so that the pressures 
are not normal in the stages. 

The torque line shows why a turbine engine is not adaptable to 
automobiles. The starting torque of a small commercial tur- 
bine is not large, so that starting would be difficult with a small 
wheel, and reversing and speed reduction would be as diflScult 
as with a gasoline engine. The reciprocating steam engine as 
well as the gasoline engine has, therefore, advantages over the 
steam turbine for this service. 



CHAPTER VII. 

COMMERCIAL TYPES. 

In some respects the order in which the commercial types of 
steam turbines are discussed on the following pages is somewhat 
arbitrary; but, essentially, it is in the order of relative simplicity. 
De Laval and Parsons, of the modem designers, were first in 
the field. They were in fact pioneers in the development of 
commercial steam turbines, and other designers have followed 
more or less in their steps. The reasons for giving precedence 
to the types which they developed are therefore obvious, and no 
other explanation is needed. 

Because of its greater simplicity the conmiercial De Laval is 
first discussed, and is followed with descriptions of the various 
forms of the Parsons turbine and the more recent types. 

DE LAVAL STEAM TURBINE. 

Rational engineering development is nowhere better exempli- 
fied than in the successful performance of the De Laval steam 
turbine. In nearly every respect, even to details, it is still prac- 
tically the same as the turbines designed under the personal 
direction of De Laval. 

The essential elements of this turbine are: (i) the nozzles in 
which the steam expands; (2) a wheel or disk with suitable blades 
on its periphery; (3 ) a slender shaft on which the wheel is moimted; 
and (4) a set of reducing gears to change the high speed of the 
turbine shaft to a lower speed adaptable for driving machinery. 

Drawings of a small De Laval turbine are shown in Fig. 82. 
The turbine wheel, W, is supported upon the flexible shaft 
between the bearing, Z, provided with a spherical seat, and the 
gland or stuffing-box, P. Teeth are cut into the metal of the 
turbine shaft to make the pinions on each side of K fit the gear 
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**, iruiii which ihc power is transmitted. The 
> intendcf.I for driving two electric generators 
'-ronncctcd by means of the couplings shown at 
''ffiire, 
"irhinc-gcnerator sets of from 50 horsepower iip- 
'jpplioi wiih two gear wheels, two power shafts, and 
t-ach turbine wheel, while the smaller sizes 




hare gear arrangements for a single generator. Because of the 
higher speed at which the small sizes operate {sec page 144), 
making the pressure on the gear teeth considerably smaller than 
with the larger sizes, more power can be transmitted with a single 
set of gears. The large size of the gear wheels compared with 
the turbine is a noticeable feature of these turbines, 

TorUne Wheel. On account of the very high speeils at which 
these turbines operate, the wheels or disks retiuire very careful 
designing. In the small and medium sizes, a wheel similar lo 
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ffKh enlarged flanged ends which fit into the recesses and are 
jnlted solidly in place. The recesses and flanges are machined 
:«ittia four per cent, taper in order that the parts maybe accurately 
';caitaed and fitted. 

This form of wheel disk with the section increasing from the 
pi towards the hub is arrived at by proportioning it to have 
eqnal unit stresses throughout. But this condition does not 
kdd true at the rim, where just below the blades annular 
pooves are turned on each side. Weakening of the wheel at 
the rim is a very good method of providing for abnormal stresses 
V that result in case of a failure of the governor to control the sp)eed. 
^ The purpose in making these grooves is to have the wheel burst 
. it this reduced section where the stresses per unit of area are 
[ about 50 per cent, larger than at any other part of the wheel, 
I nther than near the center where the damage from failure would 
* be so much greater. At normal speed the factor of safety, at 
f this smallest section, is about five, and since the unit stresses 
vaiy as the square of the speed,* the wheel will fail at this place 
at a little more than twice the rated speed. As these wheels are 
CDDStructed, no great damage to the turbine will result, therefore, 
' fiom the failure of the wheel rim. It has been shown by actual 
experiments with such wheels that when failure occurs, the rim 
holding the blades is broken up into very small pieces which 
wfll not damage the wheel case. It is stated, however, that 
wheels without this reduced section, when tested to failure, have 
been broken up into two or three large pieces by bursting through 
the center, and these pieces have been driven through an experi- 
mental wheel casing made of two-inch steel castings. 

There is also another consideration that is especially interesting 
to engineers. When a portion of the rim breaks off the wheel 
becomes unbalanced, and as the clearance between the heavy 
hub of the wheel and the safety bearings in the surrounding 
casing is very small, as can be seen in Fig. S2, the llcxibility of the 

* Centrifugal force = — ; — (sec page 314) and is therefore proportional to the 

square of velocity (speed). The factor of safely at other hoctions of a Dc l^val 
wheel is about eight. 
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shaft will permit the hub of the wheel to come into contact with 
the circular openings in the casing into which it extends. The 
friction of these surfaces will act as a brake and assists in bringing 
the wheel to rest. And this is easily accomplished, because with 
the blades removed the steam no longer acts to rotate the wheel. 
The diameters of the wheels are relatively small, as can be seen 
from the following table: 



Horsepower 

Revolutions per minute 

Diameter to center of blades, inches 




300 
10,000 

29.92 



Wheels for De Laval turbines are usually made of a special 
forged nickel steel said to be rather high in carbon. 

Nozzles. Fig. 85 is a typical illustration of a 20-kilowatt 
De Laval turbine-generator and gives a general idea of how^ the 
nozzles which direct the steam against the blades are arranged 
around the periphery of the turbine wheel. They are attached 
to the turbine mechanically by being fitted into the circumfer- 
ence of the steel casting which serves as the casing for the wheel. 
The number of nozzles varies according to the size of the turbine. 
The nozzles are provided with hand valves, which can be seen 
in the figure, by which they can be closed when the turbine is 
running at light loads. In this way some of the nozzles are "cut 
out'^ and a relatively high efficiency is obtained at light loads. 
In this particular case, about half of the openings in the casing 
for nozzles are closed by plugs; but by removing these plugs 
and inserting nozzles instead, the capacity of the turbine would 
be greatly increased. 

The nozzles are the only parts of a De Laval turbine that 
are changed to make it suitable for any particular pressure, 
degree of superheat, or vacuum. The ratio of the admission 
(usually boiler) pressure to the exhaust pressure is the most im- 
portant factor influencing the design of a nozzle. Briefly stated 
this ratio of pressures determines the areas of the cross-section 
of the nozzle at the throat and at the mouth, and therefore its 
divergence or taper. 
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For the same output more steam is required at a low pressure 
Lthan at a higher pressure. De Laval turbines are readily adjusted 
I for a change of boiler pressure by adding more nozzles if they are 




■ needed. Sometimes turbines are fitted with two sets of nozzles, 
Bone suitable for condensing and the other for non-condensing 
1 operation. 
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wheel is not mounted midway between the bearings but 

erably nearer the spherical seated bearing Z, Fig. 82, at 

governor end. Now when the wheel is started up from rest, 

center of gravity is not precisely in the axis of the shaft, it 

bend, and the plane of revolution of the wheel is then no 

perpendicular to the axis of rotation. When, however, a 

iently high speed is reached, so that gjrroscopic action is 

enough to pull this plane back to a position perpendicular 

axis of rotation, a "node" is formed at the center of the 

and rotation will then take place about the center of gravity 

the system. The speed at which the amplitude of vibration 

greatest is called critical.* 

Bearings. Typical bearings of De Laval turbines are illus- 
ed in the section drawings in Fig. 82. At the right-hand or 
^governor" end there is a spherical seated bearing (Z). A 
design of this kind is used for the purpose, primarily, of giving 
greater flexibility to the shaft and to take the small end thrust 
exerted on the wheel by the steam issuing from the nozzles at a 
very high velocity. In single wheel turbines of the De Laval 
type this pressure or thrust is, however, very slight, as the steam 
is expanded to the exhaust pressure before it leaves the nozzles. 
I It is obvious, therefore, that the wheel rotates in steam of very 
nearly the same pressure on both of its sides. Such a design 
has also the advantage of being self-aligning. A helical spring 
shown in the same figure holds the spherical bearing against its 
seat in the turbine casing. On the other side of the turbine 
wheel the shaft passes through a loose-fitting bearing, P, serving 
primarily as a gland or stufl5ng-box to prevent the leakage of 
steam from the casing. The shaft does not pass through the 
casing on the right-hand side, so that no precautions are necessary 
to prevent leakage of steam on that side. At each side of the 
pinions of the reduction gearing, the turbine shaft is supported 
on plain white-metal (Babbitt) bearings C and CC. The sur- 

♦ "Critical speed" is the name given to that speed of a wheel at which it tends 
to rotate about its own center of gravity. In the De Laval turbines it occurs at 
about J to J of the normal running speed. 
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On account of the high speed of ihc- 

linri are required to bring the speed 

utilizing Ihe power. The reduction 



COMMERCL\L TYPES 1 49 

is usually about ten to one, and is accomplished by means of 
small pinions on the turbuie shaft meshing with steel helical 
gear wheels. The teeth of the pinions are very small and are 
cut directly into an enlarged section of the flexible shaft.* The 
teeth for this gearing are cut spirally at an angle of 45 degrees.* 
As indicated in Fig. 86 the teeth on one side are cut on a right- 
hand and on the other side on a left-hand spiral. This method 
eCFectually prevents any movement of the shaft in the direction 
of the axis and balances the thrust of the gears. Previous to 
the time when De Laval demonstrated that gears could be oper- 
ated at a linear velocity of more than 100 feet per second, the 
high speeds which he introduced were not considered practically 
possible. His success at these high speeds was due largely to 
the fine pitchf and spiral angle of the teeth. It is thus possible 
to bring a large number of teeth into mesh at the same time, 
so that the working pressure on each tooth is made very small 
and abrasion is reduced to a minimum. 

The reduction gears are enclosed in a casing entirely separate 
from that around the turbine wheel. This casing prevents dust 
and grit from getting into the gears and avoids accidents from 
persons or objects falling upon them. With careful attention 
these gears sometimes run for several years without visible wear. 
Formerly the gear wheels were made of bronze, but experience 
showed that the teeth became crystallized after a few years of 
operation, and pieces of the teeth which were sometimes broken 
off, were liable to injure other teeth. Such gears should always 
be supplied with a little oil for lubrication. 

This speed-reduction gearing introduces two important dis- 
advantages: first, the friction loss is considerable; and second, 
the construction is necessarily expensive. The friction loss, 
obviously, will depend largely on the quality of workman- 
ship. It is stated that this loss in the gears is about 5 per 

* The pinions are said to be made of .60 to .70 carbon steel, and the teeth of the 
larger gear wheels are cut in .20 carbon steel of a grade similar to that used for 
locomotive wheel tires. 

t The pitch of the gears varies from .15 inch in the smallest, to .26 inch in the 
largest sizes. 
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cent.* of the power transmitted when they are in good -cot* 
ditioQ, and sometimes as much as lo per cent, in modoatdy 
worn gears. 

After a few years of service it is usually found that the steam 
consumption of a Dc Laval turbine is slightly greats than when 
it was new. This poorer economy is probably due to the increased 
loss in the gears from wear as well as to the wearing away of the 
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Fic, 87. Percentage Curi-e (or Correriing I>e Laval Turbine Tesis for 



Madts on the turbine wheel, which by changing the shape of the 
bliki.K's causes a loss of efficiency. 

Govwnor. The De Laval governor is shown in Figs. 162 
lUtd 103, l>age 220, where methods of governing are discussed. 
the valve arrangement controlled by the governor is a plain 
tbwdint^ tyiH\ 

*> ItMMilil^ ttwar l<.>ssrs (he irsulis of experimenters differ a great deal. Lewicki 
iutti 'Jm (HIUW AtJ bfarin^ loss in a jo-hocsepower Tte Laval lurbine-generalor 
^^^>i,^3y ^«M. gj tbe full loail output. Delaporte slates that the gearing losses 
IV l.aval turbine are about i per lent. n hen ncn-; and he stales 
■M tlNr nunblnnl gearing ami Iwaring friction losses of a 309- 
«r should tic taken roughly at about .^ per cent. 
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Superheat, Vacuum, and Economy Curves. Fig. 87 shows by 
percentages the e£Fect of superheat on the steam consumption. 
For low values of superheat the gain for a De Laval turbine is 
much greater than for larger amounts of superheat. Such curves on 
a percentage basis are sometimes very serviceable to show strik- 
ing variations clearly. Fig. 88 is a similar percentage curve to 
show how the vacuum influences the steam consumption. With 
a high vacuum the improvement in economy is much more 
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marked than at low values. Fig. 89 shows approximately the 
steam consumption for any size of Dc Laval turbine-gcneralor 
operating non-condensing or with 28 inches vacuum at 165 ]Kiunds 
per square inch absolute pressure, and o degrees F. superheat. 

It is stated that the half load steam consumption of a Do Laval 
turbine is 13 per cent, greater than the full load value, and that 
at quarter load it is 25 per cent, more than that at full load. 
For such good performance at light loads it is necessary to 
operate the turbine with no more valves open than are needed. 
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F F,. Vy. Approximate fkeam Cozisumpcion of anr Sue of De Laval 

Tur^jine-generators. Dry Saturated Steam at 165 FcNinds 

per S<:uarc Inch Absolute Pre&suzc 

Turbine Losses. The following table shows how the losses in 
a l)<: Laval 200-kilowatt turbine-generator hav^ been divided up 
by Stevens and Hobart: 

Nozzli losficrs 12 p>cr cent. 

Ka'iiatioii U/sses and leakage 

Rotation looses due to the turbine wheel revolving in steam 

Iy/ss»:n due to the steam traveling over the blades 

l^.'.iTMt^ fri' tion losses 

I/.'se-* in "•pe'rdreduction gearing 

^»'-iiera»or losse> 

l/»>.s<r-. (\u': to residual kinetic energy in the steam passing 

to th^r ' oiid';n*er 

I'.l*' trif al output 59 
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PARSONS TURBINE • 

The Parsons type of steam turbine differs from that commonly 
known as De Laval's principally in the substitution of stationary 
blades in the place of nozzles. These stationary blades are so 
shaped as to direct the steam upon the moving blades just as 
nozzles would. In turbines of this type a large number of rows 
of moving blades are employed, which are attached to the cylin- 
drical surface of a revolving drum, called a rotor. 

There is also another difference which, from a theoretical view- 
point, makes a Parsons turbine entirely different from other types. 
All the impulse turbines, of which the De Laval is a good example, 
make very little, if any, provision for the expansion of the steam 
in the moving blades, while the Parsons type is designed to give 
approximately as much expansion of the steam in the moving 
as in the stationary or " guide '^ blades. In turbines of this 
type each set of one row of moving and one row of stationary 
lilades is called, technically, a stage. 

Compared with the De Laval turbine in which the blades of 
a single wheel revolve in a medium of uniformly low density 
with the pressure very nearly the same on both sides of the wheel, 
most of the blades of a Parsons turbine revolve in steam of high 
density. Blades at the admission end revolve in steam at very 
nearly the boiler pressure, and only those at the low-pressure end 
are in steam of low density. 

In the Parsons turbine, because of the large number of blades, 
many of which revolve in steam of very high density, the disk 
and blade rotation losses are very much larger for a given periphe- 
ral speed than ui a De Laval turbine. Also because there is a 
considerable drop in pressure in every row of blades, and con- 
sequently a difference in pressure between the two sides of every 
row, there is always a leakage of steam over the edges of the 
blades, increasuig with the amount of radial clearance between 
the stationary and moving parts. It is a matter of the greatest 
importance, therefore, in designing turbines of the Parsons type 
to make radial clearances as small as possible, consistent with 
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proper allowances for the expansion due to unequal heating of 
the parts,* which in a turbine with a large number of stages 
is a very important consideration. Fig. 91 is a section of a 
typical Parsons rotor and casing showing by arrows the leakage 
spaces for steam through the radial blade clearances a and b. 
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IV.. 01. Section of a Typical Parsons Rotor and Casing Showing the Radial 

Blade (Mearantes. 



A siH'lion of one of the simplest Parsons turbines is illustrated 
in Fig. 0^. The turbine rotor consists of a long drum of three 
dirteivnl sections supported on the two bearings — one at each 
ciul rite moving blades are mounted on the circumference of 

• Vxrslo luMU tlio (iuc<iiion of radial clearam c. all other |)ointsatTecting the design 

^« «.4 ■»»:s»! iin|H>iiaiuc as regards economical and satisfactory operation. The 

*MO«i -^iivw^lul design of a Parsons ty{)e is the one which operates successfully 

%•&!> tK '<:"A'leNl ladial i Icaranccs. Uneciiial expansion of the different parts of 

•j« 4h(i^ a*-*^- diuMJ inirodui es fa( tors whic h are very ditTicult to estimate. If the 

^^^^^^^•tM^t^v>f vlitYeient materials from tlie drum, at some temperatures thev 
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this drum and the stationary blades are fitted in similar rings to 
the inside of the turbine casing. 

The annular space A is the steam chest which receives high- 
pressure steam. The steam passes through the alternate rows 
of moving and stationary blades of the first section of the rotor, 
through a second annular space to the blades of the second sec- 
tion which discharge into a still larger annular space, from which 
it passes through the blades of the last section of the rotor to 
the exhaust B. At the second and third annular spaces, where 
the diameter of the drum is increased, an unbalanced pressure 
or thrust toward the right is produced by the pressure of the 
steam; and this thrust is increased by the expansion of the steam 
in the moving blades (see Fig. 34). To balance this axial pres- 
sure, three balance pistons are provided at the left-hand end of 
the casing — one for each section of the rotor. The smallest 
balance piston is made just large enough to equilibrate the thrust 
due to the blades of the first section; the intermediate piston 
balances the thrust on the second annular area and that due to 
the blades of the second section; and the largest piston equili- 
brates the pressure on the third annular area and the thrust in 
the third section. Steam passages are cored out in the casing, 
as shown in the figure, to make each balance piston communi- 
cate with its corresponding section of the rotor, so that the pres- 
sure in the section is always the same as that acting on the 
corresponding balance piston. In some designs these cored-out 
passages are replaced by pipes on the outside of the casing. 
Small annular grooves are usually cut in the balance pistons to 
join with similar annular projections in the casing. This con- 
struction, called a labyrinth packing, makes the steam path so 
devious as to effectually prevent undue leakage of steam around 
the balance pistons. 

Oil is supplied to the bearings under pressure by the small 
pump shown in the figure. 

The position of the moving blades with respect to the stationary- 
blades (axial clearance) is usually adjusted by means of a thrust 
or adjustment bearing at the extreme left-hand end of the tur- 
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bine. Ii conMsis of a number of rings or collars turned in thu , 
>lefl shaft inio which corresponding brass rings in the adjust- 
ment bearing are fitted. The upper and lower halves of this 
bearing are adjustable and are moved by the screws shown in | 
the figure. If the lower half of the bearing is set so that the J 
coUari on the shaft are in contact* on Iheir left side, the upper] 



I 



Fic. 93. Pro|)clIerof 




half would have the collars in contact on the right side. By 
this means, when the bearing is once set, the rotor cannot move 
an appreciable distance either to the right or to the left. A 
typical adjustment bearing is shown more clearly at the right 
in Fig. 108. In this design the upper and lower halves are 
moved by micrometer screws, so that the axial position of the 
rotor is indicated at all times by the dials on these adjusting 
screws. 

In Fig. 92 a very common method for opcrallng the governor j 
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of Steam turbines is illustrated, A wonn gear on the main tur- 
bine shaft engages with a gear wheel which by means of other 
gears rotates the governor shaft. 

Packing Glands. In every turbine, glands or stuffing-boxes 
must be provided where ihe shaft passes through the ends of the 
casing to prevent tht- escape of steam al the high-pressure end 
and the entrance of air at the low-pressure end of condensing 
turbines. Steam-packed glands of various Ij-pes are often 
provided; but in the Westinghouse-Parsons turbine water-packed 
glands are now generally used. This arrangement consists of 
the propeller of a centrifugal pump (Fig. 93) which rotates in 
the water supplied lo an annular groove in the casing. When 
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Fig. 94. Typical Blading of a Parsons Turbine. 

the turbine is operating the water is thrown outward by the vanes 
and completely fills the space around the periphery of the pro- 
peller. By this means the leakage of steam or air is effectually 
prevented. As there are no rubbing surfaces in these glands and 
no oil is used, there is no contamination of the exhaust steam. 

Blades. The shape and relative position of the moving aj 
stationary blades in a Parsons turbine are shown clearly 
Fig. 94. Stationary blades are shown by cross-hatched sectioi 
and moving blades by shaded sections. 

The blades of Westinghouse turbines are secured to the I 
by means of slots turned on its periphery, which are slightl; 
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narrower at the top than at the bottom. Into these slots the 
blades which have been cut at the roots lo fit, are put singly. 
Soft metal spacing pieces of the required shape lo fill the space 
in the slot between the blades are calked to hold the blades 
firmly by a dovetail conslruclion. This construction is required 

' for the attachment of the moving blades to give the necessary sup- 
port against centrifugal forces; but as the stationary blades, which 
are fixed lo the inside of the casing, are not subjected lo centrifugal 

I forces, the slots for these blades are not usually dovetailed. 



Fig. 95. Blades on the Roior of a Weslinghouiit: Turbine. 



Blade Lashing and Shroud Rings. It has been found necessary 

to bind the blades together at iheir ends to make a stronger con- 

I struct ion. In the earlier designs of Parsons turbines the blades were 

.ually bound together with wires soldered to their ends. Some- 
j times, however, the blades were turned over at their outer ends to 
I form flanges which were soldered together into a solid shroud. 

I^'lg- 95 shows several rows of blades of a Weslinghouse turbine. 
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; other parts of the turbine. The blades are 
B sections three feet long. Because of the peculiar shape 
Jnion of ihc lashing wire, it can be talked at the end so 
Fkey" remains in the punched hole tn prevent the blade j 




I irom getting out of line. In many respects it is practically as 
L tffective as a shroud ring. 

A type of blading for Parsons turbines, patented by H. R. 
|..Sankey in 1903, has been applied with certain modifications in , 
I the Allis-Chalmers and the Willans turbines. A typical illus- 
tration of this blading is shown in Fig. 97. It is distinguished I 
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I ference arc joined by a shroud ring. The blading is thus made 
up in half rings, which are made almost entirely by machinery. 




I Each ring can be thoroughly inspected before being placed in the 

llurbine and the possible inaccuracies of hand work are likely to 4 



ia« THE STEAM Tl*RBL\E 

im duDuutcd. Fig. 99 shows the interior of the casing of a 
turbine &ni»l witfa sbioud rings on the blades. 

U small radial clearances are desired, exceptional precautions 
in dfiMgping must be taken to avoid unequal expansions of the 
pans of the KKor, the casing, and the blades, because shroud 
rioi^ta rcHiCiioa ttubines are liable to produce disastrous results' 
t>y '*^rippiog" the blades. Usually in case of accident, however, 
dutut^Mi ur wum rings can be removed and the turbine continued 
ia operation until they can be replaced. 
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Highspeed Flexible Bearing. 

,v-. i»f the Parsons type operating at above 

lulv. a design of flexible bearing (Fig. 100) 

. Sr.itioii^ of the shaft by permilting the 

'. -(•ced. to revolve about its center 

,. irii,- axis. This flexible bearing 

,.iit> of loosely fitting cylindrical 

I oil films are maintained by capil- 
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laiy attrtction.* The clearance between these sleeves is about 
.004 inch. These films of oil have also a cushioning effect in 
absorbing vibrations that occur when bringing the turbine u;) to 
speed. This flexible bearing accomplishes the same jjurpose for 
whicli De Laval used a flexible shaft. In the figure the outt-r 
casing of the bearing is at the right-hand side and the holder 
for the Babbitt metal lining and the cylindrical sleeves around 
it are shown at the left. 

In larger machines which run at lower speeds, balancing is less 
difEcull and single spherical-seated bearings lined with Babbitt 
metal are used. Quadrant liners are provided for cither 
t)T)e of bearings to accurately adjust the rotor to a central 
position. 

Stages. In this type of turbine low blade speeds are secured 
by using a larger number of stages. Thus in a 400-kilowall 
Westinghouse-Parsons turbine there are 58 stages or 116 rows of 
blades. In such a turbine there are about 30,000 blades. It is 
important to notice why the pressure difference for each row of 
blades gradually decreases from the admission to the exhaust in 
such a turbine. Since there are 58 stages, if the pressure dif- 
ferences were made equal for a total drop in pressure of say from 
175 pounds per square inch to i pound per square inch, the drop 
Jn pressure in each stage would be 3 pounds per square inch. 
But because the steam velocity for a given difference in pressure 
is very many times as great at i pound as at 175 pounds, such a 
division is not desirable, and instead the pressure drop is made to 
give nearly constant velocity in the different rows of blades. A 
good rule for designers is to set 150 and 450 feet per second 
respectively for the minimum and maximum velocities at the 
high-pressure end, and 500 to 600 feet per second at tlie low- 
pressure end, 

A large Westinghouse-Parsons turbine is shown in Fig. 101, 

with the upper half of the casing removed to show ihc rotor, 

• Bearing pressure in pounds per square incti times periplierat vcloiils' of llic 

shaft in (eet per second is generatly a1x>ut »500. — Proc. Insl. Elec. Engrs., June, 

'90S- 
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design of Parsons turbine. There are three sections of iht- 

L, M, and Z. The construction of the rotor of one of these 
turbines is shown in Fig. 209. Sleam admission valves are 
shown as in the usual Parsons designs. The valve D admits 
steam to the high-pressure end of the turbine and is always under 
the direct control of the governor. The second valve, V, called 
the overload valve, is opened only when the lurbine must be 
operated at overload or non-condensing when the condenser 
equipment is out of service (see page 243). At C the main sleam 
pipe enters the steam-chest and the exhaust is at G. Main bear- 
ings are at A and B. 

A 5500-kilowatt Allis-Chabners turbine-generator is illustrated 
in Fig. 103. 

Governors and Low-Pressure Turbines. The various methods 
for governing Parsons turbines and the designs of low-pressure 
steam turbines of the Parsons type are discussed in Chapters 
VIII and IX. 
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Ills slated by the manufaclurers that the performance as shown 
l)y Ihese cur\-es is typical of machines of ihis type-. 

The diagonal lines or "Wilians lines" in the figure show ihu 
lolal water weighed or steam condensed per hour at various loads. 
The curves or "water rate curves" show the variation in water. 
ormore correctly, in steam consumption per horsepower-hour al 
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In the two overload tests the operation of the automatic 
secondary or overload valve may be observed. As before noted, 
it comes into action at a definite predetermined load as indicated 
by a bend in the water line. With the aid of this valve the best 
economy of the turbine is secured throughout the range of normal 
loading, while large overload capacity is available when desired, 
although at slightly decreased efficiency. When the secondary 
valve, however, has come fairly into action, the efficiency under- 
goes gradual improvement, as shown by the reversal of curvature 
of the curves of steam consumption. 
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of Sleam ConsumplEon of a i^oo-Kilowatt Westinghou 
Turbine with Varying Vacuum and Superheat. 



A turbine designed for condensing work will not operate non- 
condensing with quite as good economy as if designed to exhaust 
against atmospheric pressure. That this economy is, however, 
excellent is shown by the upper pair of curves. The water rate 
is somewhat less than double the condensing water rate. 

Fig. 106 illustrates graphically the effect of vacuum and super- 
heat on the steam consumption of a 1 500-kilowatt Westinghouse 
turbine. The percentage change in the steam consumption is 
said to be about the same for all sizes. 
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THE WESTKHHOrSE "'IMPULSE AND REACTION" DOUBLE^ 
FLOW TURBINES. 

The doublf-Jlow principle has been adopted recenlly for the 
design of large sizes of Westinghouse turbines largely for mechan- 
I ieal reasons — primarily lo avoid the end thrust which is an impor- 
lani factor in all reaction types. In small machines, however, 
the double-llow principle does not have the same advantages as 
in ihe large machines. It is ver}' obvious that the economy of 
two small machines is not nearly as good as one of twice the 
capacity. With large machines, however, the change in econ- 
omy is not nearly so great when the capacity is doubled. This 
fact is well illustrated by the curve in Fig. 104. Only for large 
W'tstinghouse turbines above 5000 kilowatts capacity, therefore, 
*re Ihe double-flow designs used; and for the smaller sizes the 
''*^gular Westinghouse- Parsons single-flow type is used as previ- 
ously. 

Fig. 107 illustrates a Westinghouse double flow turbine with 
*n impulse element. In its essential parts this turbine consists 
*^f a sei of nozzles, an impulse wheel with two velocity stages, one 
^Qtermediate section, and two low-pressure sections of Parsons 
blading. Steam enters the turbine through an opening in the 
ifnver half of the casing, from which it is piped directly to the 
Nozzle block shown at the top of the figure. Steam escapes from 
'hese nozzles* at a high velocity to impinge on the impulse 
Wades, The casing around the impulse wheel is made of suf- 
ficient size to permit a good distribution of the steam, so that it 
'^ill enter the intermediate Parsons section evenly around the 
tnijre circumference of the rotor. After the steam has passed 
ihraugh Ihe intermediate section it divides along two separate 
paths. One half enters the left-hand section of the low-pressure 
Parsons blading and the other half passes through the interior of 
* Tlicse no3zlca are nrnde non-expanding. It has been shown thai non-expand- 
ing nonles give higher efEcientics than expanding noiiles with steam al less than 
Jihoul 70 pounds gauge pressure. (See footnote, page 47.) The designers ot these 
I IBrbingt have recognized thai there are nozzle losses due to under-cxpanslnn in a 
TCi^ng or expanding nozzle when the alenm is throttled al light loa.is. 
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I As the same pressure exists on both sides of the impulse wheel 
disk, this is not subjected to any end thrust, and requires no 
balancing. The small thrust due to the difference of pressure 
between the inlet and outlet of the Parsons intermediate section 
is accurately equilibrated by a "dummy" or balance piston, of 
moderate dimensions, located bclween the impulse wheel and 
the right-hand low-pressure section. The thrusts in the low- 
pressure sections are in opposite directions, and are therefore 
balanced. With these arrangements it is possible for the entire 
turbine to run in perfect equilibrium under all conditions of 
vacuum, pressure, and load. It is, of course, necessary to provide 
means for accurately fixing tho a.\ial position of the rotor, and 
for this purpose an adjustment bearing, shown at the right-hand 
end of the shaft in Fig. 107, is provided. It consists of a number 
of collars turned in the steel shaft, into which fit corresponding 
brass rings fixed in the adjustment blocks. The upper and 
lower halves of the adjustment bearing may be moved by means 
of micrometer screws, thus permitting the a.xial position of the 

I rotor to be accurately known at all times. 

P All double-ilow cylinders are made in two parts, the upper and 
lower halves each being a one-piece casting. The design is 
symmelrical throughout, devoid of longitudinal flanges except 
those at the center required for bolting the two parts together. 
The castings are first rough-bored, after the flanges have been 
planed and drilled, and arc then "seasoned" with high-pressure 
steam for a number of hours to remove any local casting stresses 
n the metal. They arc then given the finishing cut and assembled 

ftiwith the boring bar running in the bearing housing so as to 
Insure a concentric bore. Manholes are provided at each end 
f the cylinder to permit access for interior examination, and 
Auxiliary relief valves arc fitted in each of the manhole covers to 
[irevent the pressure in the exhaust passages from rising to a 
idangcrous point in case of failure of the condensing apparatus 

Isr the sticking of the atmospheric relief valve in the exhaust 

ppiping. 

A V-connection, fitted with two corrugated copper expansion 



THE STEAM TURBINE 

joints located below the base of the turbine, connects the sepa- 
rate exhausts io the main exhaust pipe. These expansion joinls 
provide for the desired freedom of movement of the turbine casing 
due to expansion and contraction. An atmospheric exhaust 
valve at the side of the exhaust " Y" can be opened to permit non- 
condensing operation. 

The rotating element of the turbine is built up of five casl-stcel 
parts, in addition to the shaft. As may be seen in Fig. 107, 
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lo the shaft only at the right-hand support, and the opposite end 
is fitted with a bronze bushing surrounding the shaft, so as to 
permit the rotor to move axially, without appreciable resistance, 
under any ditTerential expansion of shaft and rotor. The impulse 
section consists of a flanged cast-steel disk forced on the body 
carrying the intermediate Parsons blading. The llange of this 
disk is grooved at the base and forms the dummy piston for 
balancing the thrust of the intermediate Parsons section. Fig. 
108 is a half-tone illustration of a 7500-kiIowatt Westinghouse 

[ double-flow turbine. 

The rotor of a 6ooo-kilowatt double-flow turbine is shown in 

[ Fig. log. Details of the arrangement of nozzles and blades arc 




Fig. 109. Rotoi of u T,\'e5lLnKtnjusc Double- tloi> Turbine, 



■ shown in Fig. no. It is seen that the nozzle block is a casting 
rquite separate from the turbine casing. As it receives steam 
f from the governor valve this restricts the high pressure and high 
I temperature to a comparatively small casting which is free to 
' expand and contract with changes of temperature. 

A new type of shaft coupling for Westinghouse turbines is 
illustrated in Fig. in. 

Westinghouse Emergency Speed Limit. A very interesting 
'. mechanism is provided with Westinghouse turbines for shutting 
the steam supply in case the governor fails to act and a 
P'dangerous speed might be attained. Details of this mechanism 
I are shown in Figs. 112a and 112b. In its essential elements it 
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joints located below ihe base of the turbine, con 
rate exhausts lo the main exhaust pipe. These e 
provide for the desired freedom of movement of tb 
due to expansion and contraction. An aimos 
valve at the side of the exhaust " Y" can be openet 
condensing operation. 

The rotating element of the turbine is built up < 
parts, in addition to the shaft. As may be set 



Fro. loS. 7soo-Kilow 

ihese are the three Parsons blading 4| 
and a dished plate. It is staled Mi,it 
one-third the distance from '■ 
design allows a lighter sli:i: 
Iribiititl loading, and the con 
eliminalcd. This btiill-iip j'.i 
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^r*<)"^>^'^ of 3. " weight pin " P, placed diamclrlcally at right angles 
to the axis of the shaft, in a cylindrical "body" screwed on the 
main turbine shaft at Ihe high-pressure end. Centrifugal force 
lends lo drive ihis pin away from the center and through the 
loosely fitting collar H. This force is resisted, however, by 
Uhe '* weight spring " shown around the pin in the figures. 
The strength of ihis spring can be adjusted by means of the 




View o£ Wcstinghousc Emergency Speed Limit. 

I Collar N, which is provided with a screw thread. Such adjust- 
ment determines Ihe speed at which ihc centrifugal force over- 
comes the spring and forces the pin outward to engage with a 
trigger cam L. This cam is rigidly attached to one end of a short 
I shaft S, which carries at its other end a trigger H. A small plate 
[lit the bottom of the valve lever C is supported normally at one 
rend on the trigger H and at Ihe other end on a screw provided 
I lor adjusting the spring on the auxiliary steam valve E. 
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If the ^>eed <^ the tuifoine should become higher tha n the ULsnil 
ior which the "wei^t spring" b set, the pin P is forced olmC lo 
engage vith the cam L, which in turn moves the trigger H a.'^vay 
from the valve lever plate which it supports. In this wa/* ^hc 
vah-e E is opened because the tension in the spring oQ its sp£x3<lle 




nings of \Vf sling house Emergency Siieed Lirr 



3- rttltatY"^ There is always high-pressure steam on the upper 
s^ «)&, tlK Yfttw 9% and when it is removed from its seat this 
i^ltUKHlgh a pii>c connecting the lower side of the 
ka|lllD[ cvluKler at the side of the main steam pipe, A 
L if^ff* to a piston in this cylinder is moved by the 
M|tta,^xik« a trigger which releases and closes the 
KMkl^Btain steam pipe. 
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Advantages of the Westinghouse Double-flow Type. In liirgo 
Cajjacilics the following advantages are claimed for the double- 
flov^' type over the usual Parsons designs: 

^^ (i) Reduction in size and weight due to higher permissible 

^L speed. 

^H ^2) Atmost negligible end thrusi. 

^B (3) Blades and casing are not exposed to steam at high temper- 

^H alures. 

^H (4) Large volume per pound of steam at the admission to the 

^H first Parsons section avoids the use of very short blades. 

^1 (5) Only one balance piston is required and this is of relatively 

^H small diameter. 

^K (6) Exhaust connections are considerably reduced in size, due 

^1 lo divided flow. 

^B (7) The impulse clement is well suited to high pressure and 

^H su|>erheat, and by this modilication the shaft length is 

^H reduced nearly 50 per ccnl. 

^* An exact reproduction of a section drawing of a Westinghouse 
double-flow low-pressure turbine rated at looa kilowatts is 
shown in Fig. 184 in Chapter IX. 

»The following figures 112c, d, e, and f show designs used by 
the Westinghouse Machine Company for 25,000-kilowatt turbine- 
generators to operate at 200 pounds per square inch absolute 
steam pressure, 29 inches vacuum and 2Qq° F. of superheat. 
Fig. II2C shows the double-flow turbine designed for these con- 
ditions and operating at 1500 r.p.m. Fig. ii2d shows a similar 
■design operating at 750 r.p.m. A tandem compound arrange- 
iment operating at 750 r.p.m. is shown in Fig. ii2e. In this last 
design it will be observed that the high-pressure portion is of 
the ordinarj' single-flow arrangement while the low-pressure 
end is made double-fiow. The combined unit is connected to 
a single 25,ooo-ki!owatt generator. A cross-compound turbine 
arrangement. Fig. iiaf, with the high-pressure portion operating 

at 1500 r.p.m. and connected to a 12,500-kilowatt generator is 

diown here together with a low-pressure portion which is of the 
luble-flow arrangement and operating at 750 r.p.m. The low- 
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pressure portion is also connected to a ia,5CX)-kilowatt g 

These figures show the comparison to scale of the arrangements. ^^ 

described above. 

AU of these designs would give very excellent economy, and the= 
choice of the unit would depend primarily on the two factors oC 
first cost and economy, assuming that in each case the relia- 
bility for continuous operations is the sajne. 



1 J*?-- 




A close study of the four arrangements indicates that the^^^^ 
double-flow turbine at 1500 r.p.m.. direct connected to a single "^^^ 
generator (Fig. ii2g), is the cheapest construction. The large ^=^ 




tf ^flT^ i^ 



Fic. lud. Double-flow Reaction TurbEne Designed for 750 r.p.ti 



areas required in the low-pressure stages of this turbine make 
high velocity and long length of blades essential, with the 
necessity of careful designing to properly take care of the stresses 
due to centrifugal force in the low-pressure end. 



1 

ke i 




Fic, lue. " Tandem-compoiuid " Reaclion Steam Turbine. 
volutions. With this arrangement the highest efficiency is 
Itained, because the method of combining the unit into high- 
id low-pressure cylinders, running at 1500 and 750 r.p.m., 
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TTie most economical combination of the four is the cross- 
compound reaction turbine with the high-pressure portion run- 
ig at 1500 revolutions and the low-pressure portion at 750 




Cross-compound " Reaction Steam Turbine. 



s the condition for best blading proportions throughout the 
(bine without departing from established standards of prac- 



i8ie 



r thu^l 



tice. Tlie coDstnictkn, bowc^Yr, is considerably heavier t 
the ao^ nmt <rf the doabie-dow ti-pc (Fig. iizg) and is mor^^ 
costly to ctmslract and instalL At powers aad speeds attain' 
able with siiigLe altematii^-oirTent tinits of. say. below 15.000 
Idbnratts' capacity, the double-flow turbine will be nearly, if not 
equal, to the crosa-compound "stiai^t rcactioa" turbine under 
the same operating coaditions. and any (Merence in efficiency 
would probably be offset by the lower Oist cos^t of the double-flow 
marfiine- Taking into consideration both ^t cost and e£- 
cieory, between to.ooo and 40.000 kfhnratts* capacity, the double 
flow machine is undoubtedly the proper type of coostructiai 




Ftc iizg. Scctka of Cuabmtd lotMbc aad DonUe-Aw* Roctna Turbine. 

The demand for turbine-generators is greatest between 4000 
to isjooo kilowatts maximum rated c^iacity, within which range 
the double-flow machines 01 the combtDed imptil'tf and reaction 
types of blading satisfactorily meet commercial conditions both 
with respect to cast and efficiency". There is. bowe\-er, practi- 
cally the same to be said regarding turbines of the Curtis t>-pe 
having four to fi\-e pressure stages. 

Below 4000 kilowatts' capacity the turbines ccnsasting of an 

impulse wheel followed by siogle-dow reaction blading, and a 

'slmght" ^ngle-ilow reaction turbine (Fig. loa, page 168. 

and Fig. iiai). represent the machines best suited for average 

•WTalJng onuUtions. In most cases the former would be pre- 
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[erred; but when the speed is to be made particularly low thf: 
I preference goes to the latter. 

Thus with a speed of 3600 r.p.m. driving a 6oM:ycle generator 
il, say, 500 kilowatts, the best design would be a combined 
impulse and reaction machine for best efficiency and lowest 
cost. If, however, the generator to be driven was for 25-cycle 
semce, with an allowable maximum speed of 1500 r.p.m. and 
ihe same capacity the single-flow reaction turbine would be 
selected, prov-iding reaction blading was to be used at all. 

In general, however, the application of the combined impulse 
and reaction turbine, consisting of an impulse element for the 
high-pressure portion and reaction blading for the low-pressure 
portion, is well adapted for complete expansion turbines over 
nide ranges of power and speed; and since the introduction of 
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D Two Common Types. 



IS tjpe, a large proportion of the firms building steam turbines 
bave utilized this construction, either with Parsons or Rateau 
iiading following the Curtis impulse element in the high- 
essure end. The principal advantage of this tjpe of con- 
struction is the shortening of the machine without very much 
loss in efficiency, the elimination of balancing pistons with the 
avoidance of the ver>' considerable leakage of steam through 
them, and the securing of high economies at light loads by the 
application of the method of governing by "cutting out nozzles" 
(see page 221!. now applied to Westinghouse turbines of the 
mbined impulse and reaction tj-pe. 



i8ie 
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Fig. iisb shows the relative lengths of the rotors of the latest 
design of Westinghouse turbine with combined impulse blading 
and single-flow reaction blading compared with the conventional 
single-flow Parsons tjpe with " balance pistons " (see page 156). 
Nearly 50 per cent, in length is saved, making the difficulties 
due to springing and expansion of the casing and rotor relatively 
small. 

Another important consideration in choosing between the 
" straight " single-flow reaction and the combined impulse and 
reaction tj-pes is that the former is generally preferred for 



Fio. mi. Single-flow Reaclioa Turbine wilh Kingsbury's Thrust B 

moderate superheats and pressures, while the latter is selected 
when the superheats and pressures are high. 

Another important improvement in the construction of reac- 
tion turbines is shown in Fig. ii2i where the Kingsbury type of 
thrust bearing is applied. By this means the usual " balance 
pistons " required for the single-flow type are eliminated. 

A recent design of a 2o,ooo-kilowatt " tandem " type of reac- 
tion turbine is shown in Fig. 112J, At the right-hand side is the 
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high-pressure turbme and at the left the low-pressure. This 
figure shows more clearly the tj^e shown also in Fig. iiie. 
There are very few applications as yet for " land " service of 
this arrangement, although it is common for marine service. 




Fig. 112k iikistratcs the relative sizes of steam turbine-gener- 
ators for capacities from one kilowatt for the smallest to 35,000 
kilowatts for the largest. The turbine is shown on the right- 
hand side and the generator on the left. 
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THR CrRTIS TURBINE 
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The Curtis steam turbine, of which the original patents w-e*^ 
issued to C. G. Curtis about 1895, is manufactured by tn^ 
General Electric Company al Schenectady. N.Y,, and Lyi*-**' 
Mass., the British Thomson -Houston Company at Rugt* ^' 
England, and the Allgcmeinc Elektrizitals Gesellschaft at Berli **■ 
Germany. 

As in the De Laval turbine, the steam is expanded in nozxl^*^ 
before reaching the moving blades, but the complete cxpansi*^" 
from the boiler to the exhaust pressure occurs in this type usual'^' 
in a series of stages or steps, as the steam passes through a &ti ^■' 
cession of chambers, separated from each other by diaphragiK*** 
The diaphragms and blade wheels of a four-stage Curtis turbi-*^* 
are shown by a section drawing in Fig. 113, Each chamber *^' 
stage contains usually one disk or blade * wheel. Steam at t ^^ 
admission pressure enters the first set of nozzles through the pc:^*"^ 
A, where it expands to the pressure in the first stage and deliver- "^ 
a portion of its energy lo the blades in the wheel F. The stea- ^"^ 
then expands again through a second set of nozzles in the di -i^*" 
phragm C leading to a still lower pressure in the second sta^^ 



set of blades, and so on. In the very small units but one pressu^ 
stage is usually employed, but in the larger sizes from two to ix'f^ *^ 
are used. The general arrangement of the nozzles and blade;;^^"^^ 
in a single-stage Curtis turbine was shown diagrammatically i^^ 
Fig. 39. It is typical of these turbines that there are alway^^ 
three or more rows of blades following each set of nozzles, am^^ 
at least one row is stationary. These stationary blades ar^^ 
technically called intermediates. There is practically no expan— ' 
sion in the stationary blades; the object of the several rows o€ 
blades is only lo reduce the velocity, and for a given blade speed 



* The IcTras vane, blade, and bucket arc often uaetl intcrrhangeabli 

Common practice, however, seems lo appi)- blade lo Ihe Parsons turbine, 
hurket 10 the Curtis, De Laval, and those of ihe Pclton type. In or 
thai liie nolBlion may not be confused, the term blade will be used 
with Curtis as well as other types. 
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the steam velocity is reduced per pressure stage in proportion 1 
the number of rows of moving blades. Each pressure stage 
said then to have as many velocity stages as there are rows - 
moving blades. It must be noted, however, that, unlike the ca— 
of the Parsons turbine, the steam expands only in the nozzles 
and the pressure is practically the same on both sides of any rt=5 
of blades. 

Nozzles. The nozzles are generally rectangular in cross-se^ 
tion, with "rounded comers." They are grouped clos<^ 
together, being cast either integral with the diaphragms or 
separate plates (Fig. 114), which in assembling arc bolted to I " 
diaphragms. The number of nozzles is proportioned to I I 




I 



r power required and the degree ot expansion used; in some cas* 
at least in the low-pressure stages, they extend completely roun<^ J 
the diaphragm, making a continuous band of steam around th<-' j 
circumference. This method has the advantage of reducing' 
blade rotation losses to a minimum, as explained in Chapler 1- 
Steel, bronze alloys, and cast iron are employed for making 
the nozzles of Curtis turbines. 
Wheel Disks and Blades. The blade wheels are usually made 
of forged steel disks similar to Fig. 216, which increase in thick- 
ness as they approach the hub, but in the larger sizes the con- 
struction shown in Fig. 113 is employed. In some very small J 
turbines the blades are cut in the solid rim by special machinfi,! 
while others have drawn or rolled blades which are cast inioB 
segments (Fig. 115) of bronze alloy designed to be riveted In thfl 
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r/m, A dovetailing method similar to Fig. 63 is now generally 
n; .^referred to the method of inserting the blades by casting. The 
^HBxed blades, or intermediates, arc also cither cut or cast in seg- 

?• "*enis (Fig. 116), and are fastened by bolts to the interior of the 
*^^-sing as shown in Fig. 57. These intermediates cover only the 
t**>rtion of the circumference upon which the belt of steam 
*JeIivercd by the nozzles can impinge. To make the blades more 
*"'Si<"J, ihin bands or shroud rings are riveted in segments to pro- 
jections on their ends. 




Curtis Moving Blade Segments. 



I 
I 




Blade Segments. 



The wheels pf a four-stage Curtis turbine are shown in Fig. 
117. There are two rows of blades on each wheel, so that in this 
design there are two velocity stages in each pressure stage. The 
shroud rings on each row of blades are plainly visible. 

Shafts and Bearings. The smaller sizes of Curtis turbines 
have horizontal shafts with standard bearings, as devices for 
flexibilily are unnecessary al the specd'^ ' ved. The larger 
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Eer, are built with a vertical shaft supported on an 
...^^...^^ ip bearing, shown at the bottom of Fig. 118, which is 

supplied with oil or water under pressure, the shaft ihus revolving 
on a film of liquid. The small disk D is attached by dowels E 
lo ihe main shaft. The bearing is between the stationary plate 
C and Ihe disk D. This vertical shaft arrangement is one of 
the s|jecial characteristics of the large sizes of Curtis turbines, and 




—Oi/ Supp/y 
Fig. 118. Slep Bearing tor a Verliral Curtis Turbine- 



ptoduces a very compact design. The direct-connected electric 
generator is mounted immediately above the turbine, as shown in 
Fig. 119, which is a section of a qooo-kitowatt Curtis turbine- 
generator. 

Fig. 120 is a "phantom" view of a 300-kilowatt Curtis turbine- 
generator, showing the wheels, armature, and couplings as if the 
turbine casing and generator frame were transparent. 

Curtis units are manufactured from 15 kilowatts (about 20 



'<I«»M TCSBINE 




tCWk Turbm^Gcn.™,,. 




Phantom Vitw uf a Curlis Turi.ine Slioiviag Wheels, Armaiure, and 
Couplings. 




Fic. in. King Type o/ Emergency Slop. 
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horsepower) at 3600 lo 4000 revolulions per minute to as higl~ 
as 9000 kilowatts (nearly ia,ooo horsepower) at about 75c: 
revolutions per minute, the general application being to direct ■ 
connected electric generators for power or lighting purposes. 

Emergency Valve. Since a steam turbine can accelerate a- 
a rapid rale and this increase in speed is not easily perceptible 




Emergciii y Stop \'alve. 



it is important that all these machines be equipped with simpl<? 
speed limiting devices which are operated automatically in emer- 
gencies. The device shown in Fig. 121 consists of a steel ring 
(13) placed around the shaft between the turbine and the gener- 
ator. This ring, which is held in place by stud bolts (4), is 
placed in a slightly eccentric position, and the centrifugal force 
due to this unbalancing is counteracted by a helical spring (nl- 
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^hen the speed increases, the centrifugal effort overcomes the 
'spring and the ring moves into a still more eccentric position as 
indicated by the dotted lines. In this position the ring strikes a 
I'^ll-crank lever, which trips, by means of a simple auxiliary 
''Mechanism and the tension rod L (Fig. 12a), the throttle valve 
on the main steam supply pipe. The rod L is connected to the 
'^rank D, which operates to release the spring S, pulling up the 
sear and throwing out the hook G, which holds the valve open, 
••hen released by this emergency ring mechanism, the valve 
^^scends upon il^ seal with ii very positive motion due to its 




FlC. 133. Dclaili of "Spring Type" of Krt 






weight and the unbalanced pressure on the area of the 
*alve stem. 

Fig. 133 shows a little Hilfercnt arrangement for tripping the 

I Valve. The free end of a spiral spring is thrown out by centrifu- 

' gal force and strikes a bell-crank lever in very much the same 

way as the ring does. The emergency valve is opened by means 

of the hand wheel shown at the bottom of the figure. 

No turbine should be kept in operation unless it is known that 
this speed limiting device is in reliable condition. 
Governor. Curlis turbines are governed by a method com- 
mly known as "cutting out nozzles." By this method the 
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number of nozzles which are open for the discharge of steam 
regulated according to the requirements of the load. This melhc 
is described and tv-pical Curtis governors and valve gears a_ 
illustrated in Chapter VIII. 




Fig. 114- aS-KIlowaP Curtis Turbine-Generator. 

Small Turbines. Fig. 124 shows a 25-kilowatt Curtis turbine 
and generator suitable for lighting a factor>^ The whole set 
occupies ver\' little space compared with that required for a 
reciprocating engine. The shaft, armature, and turbine wheel of 
this set are shown separately In Fig, 125, One of the latest and 




most efficient designs of blade or bucket wheels for Curtis tu^^ 
bines with two pressure stages is shown in Fig, 135a. The 
disks or wheels in ihe two stages are of the same diameter but 
the much greater blade length toward the low-pressure end 
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makes the actual over-all diameter at that end considerably 
«rger than at the high-pressure end. 




;. lasa. Latest Construction of UUile Wheels of Curtis Two-stage Turliines. 
The most recent improvement in valve gears on Curlis tur- 
i is shown on the turbine illustrated in Fig. 125b. Thf 
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centrifugal governor is placed at the upper end oE a vertical shaft:. 
between the turbine and generator, which is driven by worm- 
gearing from the main shaft of the turbine. The motion of the 
main governor is transmitted to the valve gear by means of levers. 
and rods, which ojicrate a small pilot valve, controlling the ad- 
mission of steam to a steam cylinder at the upper end of the 
valve mechanism. That is, the pilot valve serves to admits 
steam either above or below the piston in the steam cylinder. 
The piston rod extends into the steam chest and on this rod- 
are mounted a series of spiders, which engage a corresponding 
series of annular double-seated admission valves. The spider»- 
on the valve rod are arranged so that the valves are lifted froni_ 
their seats in sequence as the rod is raised by the steam cylinder — 
under control of the pilot valve. As each of the valves is lifted_- 
from its seat, steam is admitted from the central space within_ 
■the annular valves to cored passages leading to the turbine 
nozzles. Each one of these passages in general communicates. 
with two sections of the turbine nozzle. 

Correction Curves, Tj-pical curves showing the variation in 
steam consumption of a 500-kilowatt Curtis turbine, due to in — I 
creasing superheat and vacuum, are shown in Figs. 126 and 127— 
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Curves Showing the Effert of Superheat and Vacuum on the Steam Consumption 
of a 500-Kilowalt Curtis Turbine. 

Such curves become most useful, however, when they are re- 
duced to equivalent percentages like those for De Laval turbines 
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H shown on pages 150 and 151. In Chapter VI the correct method ^H 
H^'Or making this transposition was explained. ^^| 
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^J^*^.i38. Approiimate Steam Consumption of Any Size of Curtis Turt 
^b wiih 165 Pounds per Square Inch Absolute Pressure, aS Inches Viicuum, 
^H BO Superheat. 

^**^stely the steam consumption of any size of Curtis turbine at 

""^Ted full load. All the data for this curve were corrected 

^*^ing percentage curves like those referred to above, which ser\ 

K**^ reduce the conditions of the various tests to assumed conditit 

W**f 165 pounds per square inch absolute steam pressure, 28 inc 

r^^cuum. and no superheat. To get sufficient data for t 

*^^^^rve it was necessary to include some tests made with co 

*^ercial loads, making its values probably a little higher tb 

^Vie\' would be if all the tests had been run with a constant lo 

Analysis of Losses in a Curtis Turbine. Steinmetz has cal 

lated the energy distribution in a typical two-stage Curtis t 

1 bine and has given the results in the form of the diagram 

1 Pig. 139. 

f W-ESTINGHOUSE IMPULSE TURBINES. 

Still another type of steam turbine intended particularly 
small capacities has been developed by the Westiiighouse IV 
chine Company, as illustrated in Figs. 130 and 131.* Machu 
of this type are suitable for a capacity as low as one kUowa 
By this construction it is possible to secure with the use of 
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RATKAl" TrRBINJCS. 



Professor Rateau of Paris i.s also a i)ioneer in the dcvdoimicrit 
of a well-known type of steam lurbinc. His lir>l ».-xi)crimenls 
were made with a turbine having a single impulse wheel; but he 
ncHl abandoned this tj-pe in favor of a multiple wheel construc- 




FlC 133. Diagrammal Kcprcui 



'•lages of a Rulcaii 'I'lirbinr. 



tkm. The Ratcau turbine is ofUn t ilk 1 " multicellular," 
meaning that it convist<; of a large number of " cells " or 
pmnira stages of which the separilinR will!> nrc diaphragms 
similaT to those in a Curti-. turbine The principle of ihe 
Rateau turbine is illustrated by the seciion drawing in Fig. 132, 
which shows diagrammalically four stages. Essentially the 
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Rateau type differs from that of Curtis in that it has a much 
larger number of pressure stages or "cdls" but no vdodty 
stages. There is therefore only one row of blades in each stages 
Except for the fact that turbines with simple disic whedls can be 
operated at higher blade speeds than icactioa turbines of the 
drum tj-pe (Parsons), making the effidcnl uiitization of sicam at 
highwr velocities possible, the Rateau and ihe Parsons i)-pe3 
would require the same number of singes. Rateau turbines 
have from ao to 40 stages respectivdy, dt^itending on whether 
they are for non-condensing or for tondcnsing service. For 
given blade-speed, steam pressure, and :^uperhf8l, the number of 
stages increases, although not propoTtionally, as the exhaust 
pressure is reduced. 

Nozzles and Diaphragnu. Annular nozzles arc srt in each of 
the diaphragms between the stages. Because of the largo num- 
ber of stages, the pressure drops are ver^- small, so that the 
nozzles are made with a uniform cross-section along their length; 
that is, they are non -axpandJng. To allow for the increased 
volume of the steam as it expands, in almost all the other types 
of impulse turbines the nozzles are made with at Itest scanerriiat 
larger radial width for the lower pressures. In Rateau turbines, 
however, the same increased nozzle area is secured by increas- 
ing only the arc or part of the circumference occupied by the 
nozzles. In the last stages, then, where the entire circumference 
of the diaphragm is made use of, a complete annular jet 
n.-sults. 

Rateau nozzles are arranged In groups very much like the 
Curtis nozzle plate shown in Fig. 114. Diaphragms of several 
sizes of these lurbincs are shown in Fig. 133. Several groups of 
nozzles can lie seen in each diaphragm. At the high-pressure 
end of the lurliino there are only a few groups (usually about 
three). l)iit in each succeeding stage there is a greater number. 
Heciuise llie >ttam discharged from the blades is carried along a 
short liistance by the rotation of the wheel, a portion of each 
group of nozzles is located a little in advance of the preceding 




I 

■I the admission end is small, ihe blades, in ihe Parsons type for 
example, have necessarily a small radial height, so thai there is 
more friction due to the passage of steam than where the steam 
spaces are larger and the volume of the steam is large in pro- 
1 to the surface of the blades. 



Fig. 133. Diaphra 
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Description. Fig. 134 is a section of a soo-horsepower Rateau 
turbine of 24 stages. It will be observed that this turbine is 
divided into three sections, the high-pressure and intermediate 
sections being separated from the low-pressure section by a 
"middle" turbine bearing H, This turbine is designed to 




Fig. 135. A Rateau Uisk. 



operate at 2400 revolutions per minute. Dimensions can 1 

calculated from the scale given at the right-hand side. In this 

figure B is the main steam pipe, C is the throttle valve controlled 

Lby the governor, D is a blade of one of the moving disks, E is a 

■nozzle in a diaphragm, F is a steam pipe connecting the inler- 



nediate and low-pressure sections, L i 



auxilia 



valve to 
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ntlmit high-pn-ssun; sleam to "c&Try an overioad," and G is the 
exhau&l pipe leading to the condenser. Bushings of anti-friction 
metal are fitted io the diaphragms where the shaft passes through 
I hem. 

Wheel Disks. A t^-pical Rateau disk is shonn in Fig. 135. 
rVtaiils of oonsimclion are shown better, however, in Fig. 152. 
Thtf disks aiT dished to add to their lateral strength, or to 
make them stitur.* In the ncent designs a shroud ring is 




'.ttc blailcs as iUustrainl in tnv t'^um. The blades 
>c ttwxf in IV L.a\-a1 and Curtis turbines e»?epl that 
: -• •■'-•niikm at the root which is provided to fasten 
•1 the dbi; by riveting. The holes >hown 
tt5 were drilled for balancing. Fig. 136 
^,> '! Kxir«u dt&ks assemUed od the turbine 
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diafc chiDo^ (tacB drilled ioio HK hoiki of die dkks. Thiswet 
steam b ukea fiwn a port ot ibe bAyxialh fackiig at the higb' 
pRSsaiE cm! oi ;he r;:rxn« — ihrocgh vhidi there is always 




Fio. 141. Wnkinsca Labrcialh Suge Pwrkiog. 

3omc leakage of 5team — and is cooduded in the ducts shorni *^ 
the figure, which are arranged so that the steam discharged i'* 
a diaphragm packing b at a slighdy higher pressure than that ^-^^ 
either side of the diaphragm. It is probably {x>ssible in this wi^-*"''^ 
to practically eliminate the loss due to stage leakage. 



HAMILTOX-HOLZWARTH TlTtBIXES. 

A steam turbine called the Hamilton-Holzwaith b beif'^ 
developed by the Hooven, Owens, Rentschler Company ^^ 
Hamilton, Ohio, which is a slight modification of the Rate»- *" 
type. According to designs which have been published, th.* ^ 
turbine is divided into two sections (high- and low-pressure x 
which arc separated by a bearing. The principal difference 
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bthreeo this and the Ratcau type is that the aozzles are arranged 
in complete rings around the circumference of the diaphragms in 
iDdierttges, instead of being grouped at the high-prcsgurc end. 
As in the Curtis turbine, the blades and nozzles increase in radial 
height groduiUly towanl the lo^^'-pre3sure end. 

The number of stages is about the same as in a Rateau turbine 
iwthe same conditions of pressure, sui>erhcat, and vacuum, so 
Ihit the nozzles are always designed to be non-expanding. This 
tiubbe has not been developed commercially,* so that it is not 
necessary to give other details. 



THE ZOEI.I,V TURBINE. 

The Zoelly turbine is a modified form of the multi-stage, 
impulse type. It has fewer stages (about 5 to 10), and is gen- 
erally a much simpler design than a Rateau turbine. It repre- 
sents a noteworthy attempt at increasing the steam velocities in 
the blades; but with it results the great disadvantage that the 
surfaces o£ the numerous lai^e wheeb and blades, many of 
which move at high speeds in steam of high pressure, produce 
excessive losses due to fluid friction. This fluid friction of disks 
and blades increases, of course, enormously as the speed and the 
pressure of the steam are increased. 

In a Zoelly steam turbine there arc a number of single impulse 
wheels, each rotating in a separate chamber, the walls of which 
iare formed by stationary flat disks to which the nozzles are 
attached. At the high-pressure end the nozzles occupy only a 
portion of the periphery; but the area covered gradually in- 
creases till at the low-pressure end practical!}- the whole circum- 
ference is covered. When there are about ten stages the pressure 
in no stage drops to less than .58 of that in the preceding stage, 
so that non-expanding nozzles are used. The blades are dove- 
tailed as represented by Fig. 61, and there is no shroud ring. The 

• One ot these turbines was o[>erate<l for a lew days at iht St. T.ouis esimsititm 
ia 1904, but the author has heard of no other im|H>rtaut inii(a.l1iilion. 
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tops of the blades are cut off parallel to the shaft, but at the roots 
they are made with a considerably greater height on the dis- 
charge side than on the entrance side. This is of course desir- 
able to allow for the loss of velocity in the blades, but it is stated 
that the height is made unusually large to cause the steam to flow 
smoothly through them without producing eddies.* In order 
to accommodate, in the different stages, the size of the nozades to 
the expansion of the steam, the radial widths of the nozzle parts 
are gradually increased toward the low-pressure end. The most 
interesting part of the design of this turbine is, however, in the 
construction of the blade wheels to resist the stresses due to 
extraordinarily high peripheral speeds. As the blades for this 
turbine arc made at present, they are much longer in comparison 
with the size of the wheel than in any other turbine; in fact, the 
length of the blade is sometimes nearly one-half the radius of the 
wheel. These long blades are tapered off toward the outer ends 
in order to make them of uniform strength. The disks are 
made of forged steel and the blades of nickel sted which resists 
erosive action very effectually. This simple construction of the 
wheels and blades makes a great saving in weight. The large 
radial divergence of these long blades makes possible the use of 
very small angles on the discharge side of the wheel. 

Turbines of this type intended for condensing service are 
usually made in two sections — each about 5 stages — placed 
far enough apart to permit a bearing to be located to support the 
turbine shaft at the middle. 

Zoelly deserves the distinction of being the first to adopt, in 
impulse turbines, the use of blades with unequal angles at the 
entrance and exit sides. Simplicity in the design of the working 
parts is the most striking feature of these turbines. 

There are a number of manufacturers of Zoelly turbines in 
Germany and France. It is stated that a Zoelly turbine has been 
constructed at the Providence Engineering Works, Providence, 
R.I. 

* It is probable that there is considerable expansion of the steam in such 
blades. 
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PELTON AND SIMILAR BUCKET WHEEL TURBINES. 
Impulse turbines with bucket wheels of tiie Pelton type have 
recently received a great deal of exploitation from inventors in 
America. This type has probably received so much attention 
because the Pelton water wheel, commonly known as the " hurdy- 
gurdy " wheel, has proved so efficient in American water power 
^^ plants where a high head is available. 

^L Professors Rateau in Paris and Stumpf and Riedler in Berlin 
^Hbave done a great deal of experimental work on such turbines, 
^" but they have practically abandoneil them for those with blade 
wheels of the common axial flow type, Rateau has now adopted 
his famous " multicellular " type, and Riedler is engaged in 
H developing the Curtis turbine in Germany. 

^b Sturtevant Turbine. A steam turbine has been developed by 

^P the B. F. Sturtevant Company, Boston, Mass., from designs 

I prepared by Mr. W. E. Snow, which in the general bucket 

arrangement is similar to the old Riedler-Stumpf type.* This 

tuibine was developed primarily for driving blowers, but it is, 

of course, equally applicable for other purposes. It is notable 

particularly for its extreme simplicity and strength. 

^ig- 143 is a good illustration of this turbine, showing the 

t>"Uckets on the wheel and the segments on the inside of the 

'^a.sing including the nozzles and the stationary " reversing " 

_ l>\jckets. Three, four, or five of the latter are cut into the seg- 

■plaent, following each nozzle, depending on the velocity of the 

^■*team. Fig. 144 shows more clearly the arrangement of the 

^H * The unique feature of the Riedlet-Stumpf turbine was in ihc bucket wheels, 
^B OTwhich the Slurlevant wheel in Fig. 143 is a good illuEstrittion except that there w 
^r tisualty a double row of buckets an the rim of each wheel. These wheels we 
patented by Prof. Stumpf and developed with the assistance of Prof. Riedler. The 
buckets were cut into the rim of the wheel by a milling machine, and were arranged 
to overlap each other like the shingles of a roof, instead of being placed one in front 
of another as in a Pelton water wheel. Unusual attention was given to balancing 
which were in the form of flat disks. Stumpf states that these disks 
balanced so accurately that the center of gwvity came within .004 of the 
:ter from the geometric center. These disks were similar to the design in 
It is stated that such wheels were designed far a, (actor of safety of 5 
speed of 1100 feel per second. 
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nozzle with respect to the stationarj- buckets. The nozzle i? 
the nearly square opening shown next to the first bucket, count- 
ing from the left. As shown here the steam flow will then be 




lilh Iho Wlii-cl Removed M 
i^rnLngomcnl of the Buckets. 

toward the right from the nozzle into the bucket opposite it on 
the wheel. From this nio\-ing bucket the steam will be diverted 
back into the stationary bucket next to the nozzle and the steam 




I 



I'll!. 144. Slurlcvatit Xojwle and Stationary Buckets., showing Flanged Connec- 
tion to the Steam Chesl. 

path continues alternately through moving and stationary 
buckets until the la.>it stationary bucket has been passed, when 
it will escape into the casing and into the exhaust pipe. The 

stationary bucket shown to the left of the nozzle is called a 
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" supplementary " bucket intended to utilize the velocity of 
the steam escaping over the top of the first moving bucket oppo- 
site the nozzle. Its fiuiction is to divert this steam leakage into 
the moving buckets. 

^- 




^i|. 145 is a sectional 

~ ^'Jwn on valves by which the flow of steam into the nozzles can 

'^ controlled. It is thus possible to close some of the nozzles 

"^ light loads and obtain nearly as good cfliciency and steam 

'^sisumption as at full load. The method is the same as ex- 

f* *iiined for De Laval turbines on page 144. The governor of the 

^^ntrifugal throttling tj'pc is shown at the extreme right-hand 

^^d of the turbine shaft. It is one of the type with weights 

Acting on knife edges, in principle somewhat like the De Lav'il 

governor (Figs, 160 and 161). Like other parts of this turbine 
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it is made as simple as possible, consisting of very few parts as 
shown in Fig. 147, 

The main bearings have solid linings of phosphor bronze. 
They are of the self-aligning, ring-oiling type. The weight on 
these bearings never exceeds 14 yiounds per square inch of bear- 
ing surface. 

The speed of these turbines Is from 1600 lo 3000 revolutions 
per minute. These low speed limits compared with the speeds 
of single-stage De Laval turbines are made possible by the 




upplicalion uf ihc velocity stage principle in the use of the 
rtvtning buckets. 

Kg. 14S i^ an illustration of a Sturtcvant turbine direct-con- 
iwi:t«l to a ventilating fan or blower. The governor mechanism 
&ftt the Icfl-hand end. Valves for closing nozzles to adjust the 
4MMSU|>[>ly to the load, to get the best efficiency of the nozzles 
V shown clearly outside the casing. 
1 ,1 A hich the small diameter of this turbine neces- 
tL>r steam chambers, lo which the main admis- 
>tcam piping is connected. Overhead pipes 
I Jiminaled. 
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The bucket wheel is a single forging of open hearth steel, and 
as the buckets are cut out of the solid metal, a wheel of great 
strength is secured. Blade breakage and "striking" are elimi- 
nated, because if the bucket wheel should get out of line and 
touch ihe casing on its ^des, the result would be merely like the 
nibbing together of two steel plates, which would produce no 
serious injur)-. 




I 



This turbine was designed to require the minimum amount 
of attention and repairs. It is stated that it can be operated 
Continuously under ordinary conditions with no more attention 
then the weekly tilling of the oil wells in the main bearings. It 
is therefore particularly well suited for driving any type of 
limliary machinery, especially such as may be located in inac- 
cessible places. Such turbines make operating expense and 
depreciation low, and it is stated by some engineers that they 
have operated turbines of this ty]je for five years at a time 
without any expense for repairs. 

Kerr Turbine. An impulse turbine of the Pelton type has 
been patented by Mr. C. V. Kerr and is manufactured by the 
Kerr Turbine Company, Wellsville, N. Y. In this turbine 
tjpicai Pelton double cup-shaped buckets are used into which 
;t5 of steam at high velocity are discharged from nozzles, located 
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IS in Fig. 149, around the periphery of the wheel. The inside 
;iirface of each buckci is formed of two inicrseciing surface^ ol 




revolution, approximately ellipsoidal, somewhat like the reflector 
of a locotnotive headlight. 

A section of a Kerr turbine is shown in Fig. 150. In this 




Fig. 150. Sectional View of tin- Ki'rr Tut 




Esign there are five compartments or stages, each with a smgit 
bucket wheel. In the design of this turbine provision was made 
for iis manufacture in standard "unit parts.'" In this sense the 
turbine casing shown here in section, consists of steam and exhaust 
tnd castings and a number of nozzle diaphragms between the 
ends. In the chambers thus formed steel disks revolve, each 
"having a row of double buckets dovetailed in the rim. By this 
simple arrangement it is possible to build up turbines of any 
size or for any pressure and vacuum by adding sections or nozzles 
as may be required. Steam flowing from one stage into the 
next is discharged into these buckets in tangential jets by the 
nowles screwed into the steel nozzle bodies, which are accurately 
set in place and riveted into the diaphragm castings. 

The governor is of the centrifugal type, consisting of weights 
moving on knife-edges. A section of the governor weights and 
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Fig, 151. Seclionof Ker 



ir Weights i 



il M oil n Ling. 



fteir mounting is illustrated in Fig. 151. The weights are sup- 
ported at three points. The hanlened knife-edge at B is straight, 
■nd of sufficient width for the stresses on it. At 90 degrees on 
^ch side is a rolling contact at C. The cun^e at this point is 
Bich that the bearing between the weight and the cam collar is 
llways on the line of centers. Pure rolling contact is thus secured, 
ud the weight, without being fastened in position, is (irmly 
Iriven by its triangular support. The outward movement 01 
he weights compresses the governor spring and operates, through 
connections, a balanced piston valve controlling the fl 
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Fig. 152 shons a t^iiical Kerr turbine direct -connected to a.n 
clcclrie generator. Because of the simplicity of the design tti«=se 
lurliincs are particularly suitable for isolated lighting plants atnd 
for driving centrifugal pumps and blowers. 

Terry Steam Turbine. Like the Sturtevant turbine, the «z>»e 
invented by Mr. Edward C. Terry belongs to the Pelton impu-l« 
type in whicli iherc are two or more velocity stages. Station ^ ^ 

reversing buckets are arranged in groups — one for eacJi nozzle- 

around the interior of the casing. These bucket groups are sho^^'' 
in Fig. 153, where a Terry turbine is shown with the upper hi^"-' 
of the casing raised for inspection. In this illustration tb*?^^ 
arc four stationary buckets for each nozzle. Obviously the stea*'^ 




hitnni(^ lo Ihe moving buckets as many times as there s 

V buckfis in each group. These stationary- buckets are 
k ^ V^ mrtitt, iind each has a crescent-shaped hole at the 
I Omufth which the steam partialty exhausts. There is, 
tn^gitvnth' a^nsiiietablo e\|Mmsion in the moving 



COMMERCUL TYPES 



blades. A valve is provided for each nozzle, so that when it is 
d^ired some of them can be closed. Speeds of these tuibines 




F:c. 153. Terrv Turbine with the Crsing Raised. 

^'arj' from 2500 for a lo-horsepower size to 1600 for 300-horse- 
Pover. 

Fig- ^S4 is an illustration of a Teny turbine direct -connected to 
a five-stage high-pressure turbine pump. 
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Sake Steam Turbine. This turbine has stepped buckets, but 
Ae nozzles do not discharge radially. Stationary and moving 
iuckets, with a section of Ihc bucket wheel, arc shown in Fig. 155. 



ihis arrangement is unique in thai the steam passes through the 
tetiocarj- buckets h in an axial direction, and is deflected radi- 
^y by the two sets of buckets a and c on the wheet. Steam 
snier^ the nozzles from the steam chest S, Relative positions of 
^^ Mlcsand buckets arc illustrated diagrammalicaily in Fig. 156. 
^dually in the turbine the horiaontal lines in this figure are, of 
toursc, arcs of circles. The "steps" shown here in the wall of 

le bucket ring are intended to bring the surfaces upon whijrh 

leslcam impinges nearer to the nozzles and to present always 
^proximately the same angle to the flow of steam. 

The nozzles arc designed with the object of delivering the steam 
I the buckets in parallel jets. Throughout their lengths the 
walls are the same distance apart, and expansion is secured 
^ the use of " expansion wedges," shown plainly in both figures, 
iich are set cenlrally in the nozzles. These wedges can be 
adily removed and replaced, so that it is not difficult to insert 

wedge properly proportioned to give the best expansion for a 
Q steam pressure. 



M 

The Spiro ti 
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Spiro turbine (Fig. 157) consists simply of two herringbone 
gear wheels which mesh together and revolve in a close-fitting 
casing. Steam enters at the inlet pipe at the bottom and passes 
around the gears in its expansion to the exhaust pipe at the lop. 
Steam discharges from the inlet pipe through the small holes, 
equivalent to non-expanding no/.zles shown in Figs. isSand 159, 




The Spiro Casing or Cylinder. The two holes near ihe lenUil rib 
inside the cylinder arc the steam noxi^le;. 

) the "pockets" or spaces between adjacent gear teeth. As 
: rotors revolve the "tooth-space" occupied by the steam 
increases in length as the steam expands. Finally the steam 
escapes when the outer ends of the teeth pass the line of contact 
between the two rotors. The increased length of this " tooth- 
space " from the time the steam is admitted until it is exhausted 
is shown in Fig. 160, by the comparison of the length of the 
tooth-grooves at "A" with the length of the outer white lines. 
By having the steam inlet at the bottom the weight of the rotors 
is partly carried by the steam pressure and friction is much 
Preduced below what it would be if the inlet were at the top. 
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Spiro turbines are suitable only for non-condensing operatici»' 
and find application usually for driving the auxiliaries liB?;* 
blowers and pumps in a power plant or in office buildings whe ^ 
the exhaust steam is passed through feed-water heaters or is use^ 
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larger than the cylinder of a good high-speed engine of the same 

capacity and is even smaller than comparable commercial sizes 

of electric motors. Governing is accomplished by throttling the 

steam pressure by a method similar to that used for nearly all 

stea.jTi turbines of relatively small size (less than loo horsepower). 
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rtc. i6i, Seilion of the Main Admission Valve of a De Laval Turbine. 
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ration. Governors for the larger sizes of 

•Ihow the merits of this method to the best 

Weming in this way it is possible to vary the 

t supplying steam to the turbine in proportion 

f load, thus maintaining a constant initial pres- 

■ constant velocity in the nozzles and blades. 

,■ turbine there is no difficulty in applying this 

•■Jlisequently the energj' and velocity are always 

■I I he best nozzle and blade efficiency. Usually 

^ ji several stages no attempt is made to regulate 

ni nozzles after the first stage, on account of the 

ittViCulties inseparable from a complicated valve 

.-rilcr to secure a correct energy and velocity distri- 

.dghout the turbine, the nozzles in all the different 

^Id, of course, be changed in the same ratio. This 

jot impossible and has been attempted in some German 

With turbines like the Ralcau and Parsons, where the 

jjreffiure is very small in each stage, and where there 

fore, a great many stages, any method of cutting out 

ihe steam passages to reduce the area at Jight loads is 

icaUe. 

a of governors to be used depend a great deal on the 
y and the kind of service. The smaller sizes have usually 
■ fonns, while the larger ones arc necessarily more corn- 
ed. On the small turbines, where an elaborate valve gear 
■I desirable, the valves are moved by the (iirect action of the 
tifugal force of the governor weights. This is called direct 
'Xning, to distinguish it from the "relay'' system used by 
t turbine manufacturers for large machines. By the direct 
bod a comparatively large centrifugal force is nc.-cssary to 
'C the valves; and unless they are carefully balanced it is 
cult to make the governor sensitive to lluctualions in the 
I. Besides, if for any reason a valve sticks, there may be 
e variations in speed. 

ly the indirect or what is commonly called the "relay" 
Jiod the centrifugal force of the governor is needed only lo 
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**give the signal/' as we may say, which sets in motion an auxL 
iary mechanism by which the valves are moved by gearing coi 
nected to the main shaft or by steam or hydraulic pressure. 
Curtis turbines of all sizes up to 500 kilowatts the valves a 
operated mechanically, and for larger sizes a hydraulic appara 
is used. 



Electromagnetic Control of Valves. Formerly, in large Curl^B^is 
turbines, the valves opening the nozzles were operated by tMT'he 
pressure of steam admitted through a port opened and closed b^n)y 
a "pilot'* valve controlled by electromagnets. The govern*- -^or 
was connected to a very simple mechanism for the purpose of 

making and breaking the current through the electromagnet^ ts, 
which, in turn, moved the "pilot" valves operating the ma-^^in 
valves on the turbine. 

Mechanical Valve Control. One of the recent developmei 
in the valve gears for large turbines governed by cutting 
nozzles is the successful replacing of the electromagnetic "rela^H*'*' 
outfit formerly used on Curtis turbines by a positive mechanicm^^ 
valve gear, due to Mr. Richard H. Rice. 

This valve mechanism is well illustrated in Figs. 165 and H 
where it is shown applied for regulating the steam admission 
the first stage of an impulse turbine. Steam in the steam ch< 
C is maintained constant at the pressure for which the turbii 
was designed, and the valves are operated so that they are alw 
wide open or else tightly closed. When the valve rod t, Fig. i( 
is raised steam is admitted through the port A, from which 
passes into a nozzle plate (like Fig. 114) at B to be discharged 
high velocity into the blades of the first stage. 

The valve gear consists essentially, besides the worm 
shown at the right-hand side of the figures, of a connecting r^^ 
moving a l)ell-crank 1, lo which two dogs or "catches/' w,w, a.^"^ 
attached In' pins. The extreme ends of these dogs, marked J 
Avill engage with the teeth on the steel plates u and v. An 
eccentric, h (Fig. 165), gives the connecting rod k a reciprocaN 
ing motion which, being transmitted to 1, moves the dogs w,w 
up and down. In Fig. 166 the lower dog is shown sliding on 
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the plate u, and in its lowest position it touches the tooth on 
this plate. The upper dog is kept out of contact with the tooth 
on the plate v by the lever x, which by engaging with the lower 
end of this dog, marked 2 in the figure, raises the end i out of 
reach of the tooth. The letters x and s are at opposite ends of 
the same lever supported on the shaft m. In the top view of 
this valve gear shown in Fig. 165 there are five valves operated 
by the connecting rod k. On the same eccentric, h, there is 
also another similar connecting rod, j, operating five valves on 
the opposite side of the turbine. The steam supply of the tur- 
bme is therefore regulated by ten valves. 

The position of the end of the lever at x is regulated by means 
of the rod q, which is connected to the Curtis governor illustrated 
in Fig, 167. Speed regulation by means of this governor is 
accomplished by the balance maintained between the centrifugal 
effort of moving weights and the static forces exerted by springs. 
The governor is keyed to the main turbine shaft at S and, of 
^urse, rotates with it. It is protected on two sides by a stationary 
'Oop^d casing, of which a section is shown at the top of the figure, 
'n the order of action of this governor the weights A fly out on 
account of centrifugal force, moving on knife-edges near their 
'^gcst diameter, and pull down the governor rod C by the pres- 
sure exerted on other smaller knife-edges B. The governor rod 
^ I>ulled down against the action of the heavy spring D. At E 
* ball-bearing gimbel joint, thoroughly lubricated, forms a 
Junction point between the revolving shaft of the turbine and 
the stationary lever of the governor (shown in the figure 
cJttending toward the right, nearly horizontally).* This 
sta.tionan- lever is connected by means of a bell-crank to the 
^^^^ ^ (F^g- ^^6) and thus determines the position of the 
lever x. 

To illustrate the action of this valve gear and the governor, 
fl^ume the load on the turbine has been increased and the speed 

* Connected to the stationan' lever of the governor is an auxilian* spring F for 
Varying the speed when synchronizing. By means of a small motor G the tension of 
this spring can be adjiiste<l from the switchboard. 
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rd becomes too high the rod q 
;m XT dog closcs the valve. The 
not in contact with the lever i 

muvud by means of gears connected 

liaft S. A ring on this shaft has a 

engages with a gear wheel b, on the 

n^ of worm gearing is connected with 

11 f, and thus moves the eccentric h. 

IV wheel is shown at H (Fig. 166), and 

1. to prevent ihc leakage of steam from the 

hlted by D and E. The speed reduction is 

f (or one worm gear instead of two as shown 

JF Control of Valves. The hydraulic governing 
I designs of Curtis turbines of the 500 to 
s is illustrated in the following figures. The 
Ihorizontal governor lever shown in Fig. 167 
HJgh the rod D (Fig. 168) to a second lever 
Ke pilot valve of the oil cylinder B. The piston A 
t power arm of the mechanism, which trans- 
■ther by a rack connecting with a pinion, or by 
3 the "side" rod, shown in Fig. 169, carrj'ing 
ating the valves. These cams act directly on 
bg and closing them according to the demands 
»use this device has a very slow motion it lias 
f being practically independent of lubrication for 
i operation. 

t by Varying the Time of Admission. Governing 

B Admission or by "blasts" was invented by Parsons 

I applied to practically all types of steam turbines 

In its ideal form steam is admitted to the turbine 

t valve in putTs or blasts in periods of long or short 

Impending on the demands of the load. The melliod 

[ usually by saying that there are alternate pericxls 

B casing is either filled with steam or there is no 
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Flc. i68. The Hydraulic Operating Mechanism for Valves of a Curtis Turbine. 



steam at all. At light loads the valve opens for short periods, 
remaining closed the greater part of the time. When the load 
increases the valve remains open longer, and at about full load 
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tur- 



tuitmies. Tbe des^a nsed for tbc BiQim-BanTi-Paxsons tur- 
btnet h Slustraied by Rg. 171. Slcam enters the taitnne thnnigh 
a main admissioa valve 9 whtcfa h given a verticaDy oscQlating 
motion. A small piston mounted above this valve and on the 
same spindle, has steam at the pressure in tbe main steam pipe 
on itfi lower face acting against the pressure of a strong spring 
on its up[)er face. An auxiliary valve fitted on the spindle L i.s 
given an oiM'tllaltng motion by an eccentric on the governor shaft 
at H, which causes, at even- stroke, the small passage at the 







I'll.. 171- B row n-Bovcri' Parsons Uovcrning Ucvkt. 

lower face of the piston to communicate with the exhaust, 
making the main valve N fall upon its scat. The spindle L is 
linked up to a collar sliding on the governor shaft. The height 
of the governor balls determines the position of this collar. Thus 
the height of the governor augments or diminishes the ampliiude 
of the oscillations of the auxiliary valve on L, and in consequence 
causes the main valve H to open a longer or a shorter lime at 
each admission of steam. The frequency of the steam admis- 
sions is about 150 to 250 per minute according to the speed of 
the turbine. 
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Westins^use-Paisons Governor and Valve Gear. Diagram- 
matically, the governor and valve gear of a Westinghouse- 
Paisons turbine are shown in Fig. 172. A smaU pilot valve, 
marked A in the figure, is actuated directly by the governor by 
means of levers and links. This pilot valve controls the steam 
supply of the turbine by regulating the operation of the main 
poppet admission valve which opens and closes at uniform 
intervals when the turbine is in operation Speed variations 




Diagrammatic Arrangement of the Governing ^^(. 1iani;m of a 
West i nghouse- l';irsons 'I'urliine. 

change the height of the governor balls which, in turn, change 
the position of the collar F of the lever on the governor spindle. 
By means of a system of links this lever varies the throw of the 
pilot valve relatively to the valve port. This pilot valve controls 
the main admission valve by means of the auxiliary piston valve B 
in the same way as in the Broivn-Hoveri design which has 
already been explained. Reciprocaiing motion for operating 
the valve mechanism originates in an eccentric driven by the 
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turbine from a wonn on the main shaft. This eccentric ^ves 
oscillating motion to the levers supported at D, F, and £. 

The governor is of the dy-ball type, the ball levers bei 
mounted on knife-edges instead of pins, to secure sensitiven 
The speed of the turbine may be varied, whfle running, with 
the limits of the governor spring by grasping a knurled has 
wheel at the top of the governor and bringing the spring 
tension nuts to rest. Adjustment of the tension of the spri 
can then be made. This device is particulariy useful for sy 
chronizing the speed of small turbine-alternators operating 
parallel, or for distributing the load between thenu For sj 
chronizing large Westinghouse turbine-alternator units a sm 
motor controlled from the switchboard is used to adjust t 
governor spring. 

Allis-Chalmers Governor Mechanism. The governing deri 
of the Allis-Chalmers steam turbine is of the Parsons tj^pe, usi 
hydraulic instead of steam pressure. The governor is require^ 
to operate a small balanced oil relay valve only, while the tw- 
steam valves, main and by-pass, are controlled by oil pressu 
of about 20 pounds per square inch, acting upon a piston 
suitable size^ The by-pass valve opens when the turbine 
required to develop overload or the vacuum fails. 

The oil supply to the bearings and to the governor can 
interconnected so that the governor will shut oflF the steam if th^ 
oil supply fails. 

"Blast" Governing Compared with Throttling. When thc^ 
main steam admission valve of a Parsons turbine closes there is^ 
still some steam in the turbine casing, and this steam expands^, 
of course, to fill the space. The same efiFect occurs also whe 
the valves arc first opened, and the steam rushes into a regio: 
of very low pressure. In these two ways low pressures are pr« 
duccd just as with throttling valves, although, for the sam 
average pressure, the loss is not nearly so great. The pressure 
variation for a isoo-kilowatt Parsons turbine at one-quarter, 
thrcc-quartcr, and full load is shown in Fig. 173. At a 
little overload there is practically no variation because the- 
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-Steam valve is then closed for shorter periods. Probably the 
greatest disadvantage from this method of governing results 
:f Tom " initial condensation at light loads. " There is usually one 
blast or puff of steam in every thirty revolutions. Steam admis- 
sions are, therefore, far enough apart to allow the jnterior of 
He turbine to be cooled by the falling temperature between the 
l:>lasts. Now when there is a fresh admission the steam comes 
.izito contact with the relatively cooler walls of the interior of the 
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^^PlG. 173. Indicator Canis Shcui-ing Initial Pressures in a Parsons Steam Turbine. 

turbine, and condensation must take place Just as in a recipro- 
^nating engine. 

If it were possible, practically, the number of "periods" would 
t»e made so small that free expansion would be reduced to a. 
^Xninimum; but for a satisfactory speed regulation long periods 
are not permissible. It appears, therefore, that unless the 
■periodicity can be made low, the economy at light loads is no 
great improvement on the method of plain throttling. A ver>' 
important feature of this method, however, should not be over- 
looked. This is the advantage of having a valve mechanism 
which is constantly moving, precluding the possibility of "sticky" 
valves. 
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The rime required for the steam entrapped in the casing whe^-"^ 
the valves are closed to drop in pressure by a given amount cai^::^^ 
be calculated ven* simply as follows. 
Let 

Wi = weight of steam (pounds) entrapped when the valves 

are closed, 
W = weight of steam (pounds) in the turbine casing after 

expanding a time /, 
W = weight of steam (pounds) flowing per second when 

the valves are wide open, that is, when the pressures 

in the casing are those for which the blading was 

designed, 
P, = initial absolute pressure of the steam delivered to the 

turbine, 
P2 = final absolute pressure after a time /, 

and to avoid complex mathematical terms assume that in the 
expansion in the casing, in general terms, 

Pv = K, 

where v is the volume of a pound of steam and K is z, constant. 
Then since v and W are reciprocals, 

W = P X constant; 
then also 

IF = P, X C, 

where C is another constant. 
In a time dt we have thus 

dW = CPdl, 
also 

V 

K ' 
dW = ^^ dP; 



therefore 
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If we take for convenience H^' = 2 J pounds of steam per second, 
Wx = 5 pound, and P^ = 165 pounds per square inch absolute 
pressure, the time required for the average pressure in the casing 

to fall to 100 pounds is — ^ log* — ^ = -iSQ seconds. The 

^ 4 X 2.25 ^ 100 ^^ 

time required for steam at 165 pounds absolute to fall to various 

other pressures is shown in Fig. 174. 




Tlme-8econd4 

Fig. 174. Time Required for Pressure Variations in the Casing of a 

Parsons Turbine. 

With 165 pounds per square inch absolute initial pressure, 
usually the no load pressure varies from 25 to 50 pounds absolute, 
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tnlral chamber contains, in normal operation, sleam at the 
f idmission'' or initial pressure. 

J The valves in the other casings are operated by the force 
■produced in this annular chamber by the injector or ejector action 
Bol ihe cone-shaped jet. Steam to be admitted to the annular 
■passage must pass around the cone-shaped piston, and the 
■ position of this piston with respect to the annular passage deter- 
ImiDes ihe effective pressure of the steam operating the admission 
ItbIvcs. When the cone-shaped piston is in its lowest posilion 
§the Sleam in passing around it to enter the turbine nozzles opposite, 
wiuces an ejector effect in ihe annular passage; but when the 
■tone-shaped piston is at Ihe other end of its stroke the steam 
■pfljdiires an injector effect in the annular passage. UTien tlie 
™jector effect predominates the pressure in the annular passage 
"greater than that in the steam chest, while with the ejector 
"^ct predominating this pressure is considerably less. 




l^ne of Ihe admission valves is shown in Fig. 177. A small 

_ Sage of circular section shown here in the wall of the steam 

cuest communicates with the governing valve or governor nozzle. 

passage communicates with one side of the piston valve 



This 



, "lUstrated here. A spring is provided to keep the valve 
wosed when the pressure in ihe passages communicating with 
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the governor piston is the same as in the steam chest. When 
the pressure in the passages is, however, less, corresponding to the 
ejector effect, by an amount greater than the tension in the 
spring (about 25 pounds) the valve is opened. With the injector 
effect, on the other hand, the valve will be closed. 

All the admission valves operate together, as the pressures are 
approximately the same in each of them. The governor valve 
oscillates 150 times per minute. The position of its cone-shaped 
valve with respect to the annular passage communicating with 
the admission valves is determined by the height of the governor 
weights and is adjusted by means of the levers shown in Fig. 
175. By this arrangement the duration of the ejector effect 
opening the valves is controlled by the speed. 

All the valves open a fixed number of times in a minute, but the 
duration of the period they are open varies with the load. 

Because the governor nozzle is always open to the steam chest, 
steam is never cut off from this nozzle, but with careful designing 
in proportioning the sizes of the nozzles this is no particular dis- 
advantage. 

In its action this valve gear is not unlike the usual Parsons 
governing device which has already been explained. It is likely 
that both are affected by quasi throttling at very light loads. To 
some extent the magnitude of this effect would probably be in 
proportion to the length of the casing. 

By-pass Governors. In all turbines the area of the steam 
passages increases in going from the high-pressure end to the 
exhaust. Consequently it is possible to pass a larger quantity 
of steam through a turbine for an overload, by admitting high- 
pressure steam into the middle stages in addition to the steam 
coming through the high-pressure nozzles. This is accomplished 
usually by the use of an auxiliary valve which opens slowly when 
an overload comes on the turbine and admits high-pressure steam 
directly into the low-pressure stages. As the steam entering 
through the by-pass valve acts on fewer rows of blades than the 
steam admitted under normal conditions, obviously, of course, the 
method is uneconomical and should, therefore, be used only for 
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emergency loads. When a by-pass valve is used, the turbine is 
designed to be large enough to carry a little more than the normal 
full load, at which, of course, it is most economical; and for 
overloads it is expected that the efficiency will be considerably 
reduced. 

All the makers of Parsons and Rateau turbines use by-pass 
valves. The Westinghouse turbine has by-pass overload valves 
under the control of the governor, so that they open automatically 
when an overload comes on, but on most turbines by-pass valves 
are opened by hand. 

Overioad economy is not usually of great importance, so that, 
practically, it is considered more feasible to use overload valves 
than to install additional turbines. In turbines of the Curtis 
type, which can be made to take a large overload with the addition 
of only a few extra nozzles without increasing the other dimensions, - 
by-pass valves for overload have no advantages. In Parsons 
turbines, as anticipated in the design, there is usually a falling 
off in speed when the overload valves open. 




By-pass Vals^ Designed by Brown-Boverl ti Co. 



A by-pass governor is shown in Fig. 178, which is a diagram- 
matic sketch showing the method of admitting high-pressure 
steam to the low-pressure stages of a Parsons turbine. This 
particular device is due to Brown-Boveri & Co. This design 
shows the by-pass method applied to an exceptionally well-made 
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turbii ich ied in Europe. The by-p&ss ports open d 

ovcrlo id he speed is regulated for small fluctualioiis b*' ' 

Ihc ihrotlling method. In the &guie the cenlrifugal govemoris 
marked 9, and operates by means of Levers a balanced throltle 
valve. The by-pass valve 7, on the other hand, is operated by 
the pressure on the piston 10. Since this piston and the 
by-pass valve are on the same valve stem, they are laised or 
lowered together according as the pressure in the steam chest is 
high or low. With a high pressure the piston rises, lifting with 
it ihc valve 7, thus uncovering the ports, shown on one side oi 
the turbine at 6, which admit steam through the pipes 3, 4, and ; 
to different parts of the tumine ng. Obviously there is a 
considerable change in the power veloped immediately afwr 
the steam is admitted to one of im pipes 3, 4, or 5; and the 
consequent fluctuation in speed is l; :n care of by the throttling 
governor 9, or by an electrical solei 1 governor indicated at 12. 




Fio. 179. By-pass Valve Arrangement for a Pareons Turbine. 

A simpler type of by-pass valve and governor arrangement is 
illustrated in Fig. 179. The by-pass valve is here directly under 
the control of the governor. The governor is marked 9 in the 
figure and operates a by-pass piston valve 7. The steam enters 
the turbine through the steam chest over the by-pass valve. 
When there is no overload on the turbine, the steam passes 
through the side port, which is shown open in the figure, to the 
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ttieam space 2 below, and from here it passes through the turbine. 
Wien, however, there is an overload, the by-pass valve 7 is raised 
by the governor and high-pressure steam is admitted through 
the pipe 3 to some lower pressure stages. With still more over- 
kid the ports for the pipes 4 and 5 are also opened and high- 
pRssure steam is admitted to stages intended for still lower 
pressures. 

When in order to make repairs to the condenser equipment, 
or for other reasons, it is necessary to run a Parsons turbine 
non-condensing the by-pass valve is opened and high-pressure 
steam is admitted to the intermediate stage of the turbine. By 
this method, because of the larger area of the passages, more 
steam can be used and the turbine is able to carrv full load 
without a vacuum, although, of course, at a sacrifice of economy. 

If turbines are designed to take a large overload without a 
bf-pass, the turbine must be of correspondingly greater capacity 
than the full rating indicates. The best economy of steam will 
then be at the highest output, and not quite so good at three- 
quarter load and full load. This is the usual practice in designing 
impulse turbines; but in the large sizes of Curtis turbines special 
overioad valves are provided. 

Curtis Overload Valves. In Curtis turbines of four or five 
stages, especially in the larger sizes, automatic valves arc pro- 
vided to open additional nozzles in the diaphragm between the 
first and second stages at times of overload. The usual designs 
of such valves are similar to the one shown in Fig. 180, which is 
^irranged to operate when the pressure in the first stage — due 
to a large flow of steam — is larger than the normal. This 
design consists essentially of a piston valve fitted witli a spring of 
suflScient strength to balance the unequal pressures on its faces 
for normal operation of the turbine. In the position shown in 
the figure the valve is closed; that is, no steam passes through 
it from the first stage to the nozzles discharging into the second 
stage. The pressure on its upper face is that in the first stage, 
while the pressure on the lower face is a])proximateIy that in 
the third stage. 
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iTload "Stage" Valve, 
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As the flow of steam increases due to increasing the load with 
a constant nozzle area the pressure will become greater in each 
of the stages; but obviously the pressure will be increased much 
more in the first stage than in the other stages, and at an overload 
the difiFerence in pressure between the first and third stages 
becomes great enough to overcome the resistance of the spring 
on the overload or stage valve, so that it is forced from its seat. 
Steam then passes through a port communicating with an extra 
set of nozzles discharging into the second stage. 

These valves should be adjusted by var\^ing the tension of the 
spring, so that they tend to open and close within a compara- 
tively small range of first-stage pressure. 

If the adjustment of such a valve has not been properly made 
and the valve remains open with a load fluctuating in a wide 
range between overload and considerably less than normal, the 
economy may be seriously impaired, or if one of these valves 
remains in a partly closed position so as to throttle the steam, the 
economy will be affected at all loads. Such valves to be efficient 
should open and close abruptly. 

Experimental Data Concerning Governing. Something should 
be said about the experimental results at hand concerning the 
different methods of governing. Cur\'es illustrating the effects 
of throttling have been shown in Fig. 161, but a more satisfac- 
tory' comparison can be made from the following tabic* 



Curtis 

Curtis 

Dc Lava] 

De Laval 

C. A. Parsons Company, 

Rateau 

Vl'estinghouse-Parsons. . . 
Westinghouse-Parsons. . . 
Zocllv 



Rated Full 
Load. 


Fraction t.)f Ixi 


Kw. 


i 


1 

4 


500 
600 


51-7 
52.4 


76.2 
76.5 


20 


68.0 


S2.0 


200 


5'^ -3 


76.2 


500 


56.0 


78.0 




55 -o 


77.2 


400 


57-0 


7-^.5 


1250 

350 


57-.^ 
;8.S 


78.5 
80. ^ 

V.' 



Full. 



100 
100 
ICX> 

100 
100 
100 

TOO 
100 
100 



* Mechanical Engineer, Jan. 20, 1006. 
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' unomically 

■II steam consump- 

Lcs running at a high 

liigh vacuum the heat 

.- nut nearly so gocxl as that 

-iruble to make the engine cyl- 

■onomically the great volume of 

■.vhen the exhaust pressure is very 

ibove atmospheric, however, a first- 

ig engine has a slight advantage 

see, then, that a combination of a 

ling engine with a condensing turbine, 

uxhaust from the former, might well be sug- 

i graphically the volumes of the steam in each 
t stages of a Curtis turbine and illustrates how rapidly 
at very low pressures. Reciprocating 
lay be designed to operate with improved economy up 
i inches vacuum; but this is about the limit. Steam 
. the other hand, will operate economically* with 
sam at the highest vacuum practically obtainable. 
The initial pressure of low-pressure steam turbines is usually 
that of the exhaust steam from non-condensing engines. With 

• It ii not always commercially prolitable to design a plant for operation at an 
CK lr gnely high vacuum, as the lirat cost of ronilenscts an<l auxiliaries is usually a 
deciduv fftctor. 
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Fractions of load given at the top of each column refer to 
fractions of the most efficient load. Steam consumption at the 
different loads is expressed as a percentage compared with the 
steam consumption at the most economical load for each partic- 
ular machine. In other words, if the economy of any of these 
turbines were as good at half load as at full load we should have , 
in the table under the column for one-half load 50 per cent, etc 

Results in this table must be used guardedly and not confused 
with steam consumption. For example, the De Laval 20o-kilo- 
-watt turbine appears to such good advantage here because the 3 
system of governing used for these tests was nearly ideal. Full ^ 
load steam consumption, on the other hand, was high com- 
pared with any other make of turbine in the list. The 2Ioelly, 
Rateau, and the 20-kilowatt De Laval turbines used simple 
throttling governors. 

The Curtis and the 200-kilowatt De Laval were governed by 
varying the number of nozzles to suit the load. The original 
Parsons and Westinghouse-Parsons turbines used the "blast 
governor. These data lead to the conclusion that the Cufti^ 
and the experimental De Laval (200-kilowatt) give the b^^ 
results as regards the method of governing. 

Sufficient data are not available of the performance of W^^*" 
kinson and Allis-Chalmers turbines to be included in this co 
parison. 
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steam admitted to the engine at 200 pounds and exhaustei 
the turbine at 28 inches vacuum, theoretically there is no 
ence in the total economy of a unit consisting of a redp« 
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■) 

^ 

10 

H 



engine operating with an exhaust turbine taking steam 
the limits from 7 pounds to 15 pounds per square inch ab 
The curve in Fig. i8ia shows the energy (B.T.U.) made a- 

* Proc, Inil. of Naval Archileels, 1908. 
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by e^Kinsion from 26 inches vacuum to higher. The rapid in- 
OEase above 27 inches is an important consideration and makes 
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^ *«. i8ia. Curve Showing Enormous Energy Made Available for Work by 
Expansions to High Vacuums. 

'*^ "Very essential to get a ver>- high vacuum in the exhaust on 
^*^«:ount of the enormous energy obtainable. 

Tlattening out of the curve of the specific volumes of steam, 
^^. i8ib, is also interesting in this connection. The increase in 
y'<3lume as the expansion is carried beyond 28 inches of vacuum 
'■^ not generally realized. 

The following table prepared by the General Electric Company 
^tiows the large amount of work that is made available b>' the 
^se of turbines in connection with existing non-condensing and 
'Condensing plants, the steam being delivered to the steam en- 
^ne at 165 pounds per square inch absolute pressure. 

Owing to the rapid development of the turbine industry- for 
fcigh speed work and the close attention to this branch of turbine 
applications required of designers, the " combination " system of 
reciprocating engines and turbines was comparatively neglected. 
Only recently the advantages of this system have come tti be 
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generally recognized, and particularly in conneclion ^thn 
propulsion. Parsons has ne\er advised the installation of an 
"all turbine " arrangement for ships designed for a speed oi 
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less than 15 knots, and for moderate or slow speeds his designers 
have recommended the " combination " system. According lo 
one of his designs for a cargo vessel intended for a speed of iij 
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knots, it provided with a reciprocating engine discharging steam 
into the turbine at 7 pounds per square inch absolute pressure, 
the steam consumption was estimated to be 15 to 20 per cent, less 
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tkn that of an "all turbine" arrangement, or of triple expansion 
engines of the type usually fitted to this class of vessel. The 
"combination " system gives a vessel also greater maneuvering 
power than if driven only by turbines. 

On land low-pressure turbines have been installed principally 
in connection with roUing mill engines in steel works and wind- 
ing engines in mines. In both cases the engines are stopped 
or are running practically idle a large part of the time. These 
engines are usually reversing and arc operated non-condensing. 
WTien a low-pressure steam turbine is installed to take the 
exhaust from such engines an equal amount of power can be 
obtained from the turbine (at 28 inches vacuum) as from the 
engine, thereby doubling the power of the plant without increas- 
ing the consumption of coal or the size of the boiler plant. 

Throughout the countr>' there are a great many reciprocating 
engines exhausting into the atmosphere, and the exhaust from 
these engines is often wasted. There is no doubt that when these 
plants need increased capacity an installation of exhaust turbines 
will be profitable, even in most cases where there is no supply 
of water for condensing, and cooling towers must be erected. 

There are also many power plants equipped with high grade 
compound reciprocating engines operating condensing which have 
a highef eflkiency (not steam consumption) when operating non- 
condensingy or at a comparatively small vacuum, than when 
operating condensing. In such cases the installation of low- 
pressure turbines is probably always profitable. As an instance 
of the uses of exhaust steam turbines the following paragraph 
is quoted from a report prepared by a company manufactur- 
ing large sizes of both reciprocating steam engines and steam 
turbines. 

"A compound reciprocating engine with cylinder ratios of 
3-5 : I, say of diameters 28 inches and 52 inches, with 150 pounds 
initial pressure, may be assumed to have 1000 kilowatts econom- 
ical capacity when running condensing and having a steam con- 
sumption of about 22 poimds per kilowatt-hour. This engine 
if operated non-condensing should have valve gears adjusted to 
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devel<q> 1700 1^ J*., when it would ooitsume about 20 pounds of 
steam per IJI.P. per houi. This gjves 30,600 pounds steam 
available for the turbine, allowing 10 per cent, of moislaie in the 
exhaust of the reciprocating enp'ne. The total amount of steam 
pas^ng the redprocatiiig en^ne, however, being 34.000 pounds, 
30,600 pounds would develc^ not leas than 1073 brake horsepower 
in the turbine. Allowing 94 per cent, for the mechanical ef&- 
deocy of the reciprocating engine, the combined horsepower 
developed would be 3673 brake hoisq>ower and the steam con- 
sumption of the two units ia.7 pounds per brake horsepower, or 
18 pounds per kilowatt-hour, which is a remarkable perforniance 
for engines of such capacities operating without superheat. 
Compared vrith the peifonnance of tlic reciprocating engine 
running condensing, this ^ves 75 per cent, increase of powec ^ 
and 18 per cent, saving of steam." 

Fig. 181C shows a very important installation of sooo-kilo-^ 
watt steam turbine-generatois in comtnnation with reciprocating''^ 
engines of the same power rating. A low-pressure steam tur- 
bine has been installed to take the exhaust from each engine. 

Conden^g eng^es when changed to non-condensing operation 
do not necessarily have their capacity in horsepowo' reduced 
because of the great increase of back pressure agaioBt iriuch 
they must then operate. Such reduction would ^ipear, however, 
on first thought to be the natural result; but, OHitiaifly, the 
capacity of such an en^ne when changed to non-condensing 
operation may be unaltered or even in exceptional cases may be 
actually increased; particularly is this the case if the engine is 
one designed for a high expansion ratio. Under these coaulitions 
the high-pressure cylinder must have enou^ volume to pass 
the required amount of steam, without having the cut-off come 
so late as to sacrifice all opportunity to use the steam with a 
reasonably good expansion. There is an interesting reason for 
the capacity of manj- compound engines not being reduced when 
this change is made. In this adjustment the cut-off of the high- 
pressure cylinder has been shifted to make it late enough so that 
expansion in the low-pressure cylinder will not cause a loop in 



'-PRESSURE STFAM TrRBINES 250c 




1 
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the indicator diagram or to a final pressure in the low-pressL 
cylinder when its exhaust valve opens, which is lower than t —S^c 
average pressure in the exhaust line supplying the turbim^»-*. 

which is also the engine exhaust pipe. As the result of tt »— is 

adjustment of cut-off in the high-pressure cylinder the top p^ — *"t 
of the indicator cards taken from it will be observed to be inui^^::^^h 
enlarged and of greater area than before, the increase being .£— n 
some cases greater even than the area which is lost at the botto- ^^rrv 
of the low-pressure diagram by raising its exhaust pressure t-^ 
about atmospheric. But there are also many compound cnginc-^^ 
operating condensing in which the release in the low-pressure 
cylinder occurs when the pressure is relatively high, possibly as "^ 
high as atmospheric. Now the application of a low-pressure 
turbine to take the exhaust from this engine would have the 1 
effect of very materially reducing the capacity of the engine, as ] 
the benefits to be obtained to avoid the loop in the low-pressure i 
diagram have been sacrificed in the original design of the engine | 
and there is no chance to increase the area of the top of the i 
diagram. 

Engines designed to operate both condensing and non-con- 
densing have generally the valves adjusted so that normally^ 
there will be a rather high back pressure at the point of release 
in the low-pressure cylinder, so that this "looping" of its indi- 
cator diagram will be avoided when running non-condensing or 
on light loads. When carrying full loads or an overload, on 
the other hand, the expansion will not be complete and a serious 
loss results in such engines designed for operation with loads 
varying considerably. In this case when the low-pressure tur- 
bine is applied there will be no occasion for the high back pressure 
at release, and the valve setting can be changed to exhaust the 
steam from the low-pressure cylinder when running at full load 
so that this pressure will be about atmospheric or possibly . 
half pound or a pound above to assist in getting the steam readily 
through the exhaust ports of the engine. For this condition the , 
blades of the low-pressure turbine taking this exhaust should be 
designed for initial pressure approximately atmospheric when 
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etting the amount of steam used by the engine at full load. 
I^ow when the cut-off is shifted back by the governor to keep the 
duilet valve of the engine open only half as long as at full load, 
only half as much steam will be delivered to the turbine and the 
^ibsolute inlet pressure to it will also be reduced to half its 
zformer value. The final result is that the expansion of the steam 
In the low-pressure cylinder of the engine will be about to the 
inlet pressure of the turbine and there will be no appreciable 
** looping '* of its indicator diagram, indicating that the condi- 
tions as regards effective expansion of the steam are excellent. 

In large power plant installations, it is the best practice to 
adhere to the " unit system '^ throughout; that is, in providing 
a separate low-pressure turbine for each engine and also a sep- 
arate condenser for each turbine. This method, although con- 
siderably more expensive than that of passing the exhaust steam 
from several engines to a single receiver supplying a relatively 
larger low-pressure turbine is, however, much to be desired as 
it gives so much greater flexibility in the operation of the plant 
and reduces very much the liability to an enforced shut-down 
of the plant due to condenser troubles. Maximum load on a 
low-pressure turbine connected to the engine as here described, 
that is, without having a governor on its steam supply pipe, is 
usuaUy reached in conventional designs when the pressure at 
the inlet to the turbine is about twenty pounds per square inch 
absolute. A relief valve must always be provided in this low- 
pressure supply line which should open to let steam out to 
atmospheric exhaust when this pressure is exceeded. Steam 
discharged through the relief valve is an excess above what 
can be used in the turbine and is obviously wasted. 

All possible precautions should be taken to prevent the leak- 
age of air into all that part of the system operating at less than 
atmospheric pressure. This air is very detrimental to the proper 
action of a good condenser as it reduces the attainable vacuum 
and consequently renders impossible the full gains to be ex- 
pected from the installation of low-pressure turbines. Such 
leaks occur most generally in the joints of the exhaust piping of 
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both engine and turbine, also in imperfectly tight relief valveSy 
as well as through the stuffing-boxes on the piston rods of the 
low-pressure cylinder of compound engines. To eliminate these 
difficulties the piping should be examined and tested frequently 
by applying a lighted taper to all questionable joints to obs^ve 
whether the vacuum inside the piping tends to draw the flame 
toward it, as would occur if there were a leak. Another pie- 
caution often necessary is to put a special type of stuffing box on 
the piston rods of the engines, these boxes being supplied with 
steam at a pressure slightly above atmospheric so that air leaJkage 
inward is prevented. 

When several engines are connected up to supply exhaust to 
a single low-pressure turbine, it is always most desirable to turn 
over each engine for several revolutions with the piping connec- 
tions arranged so that the engine just starting will exhaust into 
the' atmosphere. This should be done in order to avoid dis- 
charging the air in the engine cylinders into the low-pressure 
turbine and into the condenser. If this precaution is not taken 
when several engines are operating and another is started the 
effect in vacuum reduction will be observed. 

In matters of design, the low-pressure steam turbine presents 
no new problems. In fact its construction is in many respects 
simpler because of requiring fewer complicated details than the 
usual types of high-pressure or " complete expansion " turbines 
that have been studied. The relatively short length of the 
shaft or drum required for low-pressure turbines makes for 
rigidity and freedom from \ibration stresses. The skill of the 
engineer comes into play in this new field almost entirely in the 
methods of application to conditions that a few years ago were 
not thought of. The primary consideration in practically all 
these applications is to utilize as much as possible of the avail- 
able exhaust steam about the plant, either in the low-pressure 
turbine or in some still more efficient method. While it is the 
object to show here the great advantages of this type of prime 
mover, yet it should be pointed out that there are often condi- 
tions arising in power plant practice when exhaust steam can 
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be used much more efficiently than in any known t>pe of prime 
mover. The maximum thermal efficiency of a low-pressure tur- 
bine cannot well be made to greatly exceed lo per cent., and even 
with this low efficiency when exhaust steam is a by-product, mth 
no other available use, the addition of such a turbine to the plant 
will in such cases produce a great sa\ing in coal bills. In other 
cases, however, where exhaust steam can be used advanta- 
geously for heating water, as for example in feed-water heaters, 
hot-water vats in manufacturing processes, or for heating build- 
ings, it would certainly be false economy to use the exhaust 
steam in a turbine and install low-pressure boilers for heating 
water. In the cases cited the thermal efficiencj' of the process 
of heating water with low-pressure steam is usually about 80 
per cent., which is to be compared with the 10 per cent, efficiency 
of the turbine. In this analysis it must not be overlooked, how- 
ever, that a steam power plant operating non-condensing can 
^ise only a very small percentage of the total amount of its 
exhaust steam for heating the feed water. In fact in the aver- 
^ steam engine plant operating non-condensing only about 
one-sixth of the exhaust steam can be used for heating the feed 
''^ter, the other five-sixths being discharged into the atmos- 
phere through the exhaust head. 

Of first importance among the general considerations affecting 
low-pressure turbine applications is the pro\iding of adequate 
facilities for the removal of water and oil from the steam before 
it enters the turbine. Very wet steam can have no considerable 
deleterious effect on the turbine compared with the disastrous 
results often experienced in steam engine practice. It has the 
effect, however, of increasing enormously the fluid friction in the 
turbine blades and therefore of reducing the output and raising 
the steam. consumption. Oil, when clean and pure, Ls not nec- 
essarily objectionable in the turbine and will pass through with- 
out accimiulating, but in cases where boilers sometimes foam 
and discharge sulphates and carbonates with the steam, these 
will mix with the oil and form a gummy deposit on the blades. 
This deposit is not ordinarily removed by erosion, particularly 
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to a distance. Such an arrangement is shown in Fig. iSie. 
Obviously the engine and the turbine must each have its own 
governor. If the low-pressure turbine were arranged to take 
only the load from the alternating current line there would be 
much steam wasted when the direct current load happened to be 
heavj- and the other light; and conversely it might be neces- 
sary to sometimes supply the low-pressure turbine with high' 




Application of a Rotary Convertei in the Combination of Low- 
pressure Turbine with Reciprocating Engine. 

pressure steam when the load on the engine was light. A most 
satisfactory method to avoid these difficulties is to install a 
rotary converter or motor-generator set as shown. Any in- 
equality of the two loads will then be taken care of and the load 
coming on the engine and on the turbine will be divided auto- 
matically to give the best results. This sort of arrangement 
might not be very satisfactory for taking care of electric hghting 
loads if there were likely to be exceptionally frequent reversals 
of the operation of the converter from alternating to direct 
current and vice versa, as there might be a voltage change of 
several per cent, which would perceptibly afTect illumination 
imtil again adjusted at the switchboard. In most cases, how- 
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generators connected to both the reciprocating engine and the 
turbine are connected to the same three-phase alternating-current 
circuit and here also no governor is used on the turbine. By 
this arrangement the turbine will take automatically its share 
of the total electrical load in proportion to the amount of steam 
supplied to it. If it tends to forge ahead of the reciprocating 
unit it will take more of the load, leaving less for the engine 
whose speed will inmiediately increase until its governor re- 
duces the flow of steam to both the reciprocating engine and to 
the turbme, thus controlling with one governor the amount of 
steam supplied to the complete system. In case the generators 
<lriven by the engine and turbine are of the direct current type, 
^ the turbine forges ahead, and takes more load, the increase 
in Its speed raises the voltage slightly, which puts more current 
tlirough the fields of the generators and tends to reduce the 
speed. Self-regulation is thus admirably accomplished. Ob\i- 
ously for the same reason it is possible to vary the speed of the 
turbine slightly by adjusting the field rheostat. 

The quantity of steam used determines obviously the relative 
amount of load carried by the low-pressure turbine; the greater 
the amount of steam the greater the proportion of load taken 
by the turbine, which is due, of course, to the variation of pres- 
sure in the receiver. As this pressure increases the total range 
of pressure available for the turbine increases, the heat available 
per pound of steam increases, and consequently more work is 
done, assuming, of course, a constant vacuum in the turbine 
exhaust. 

In the method of low-pressure turbine installation described 
in the preceding paragraphs, where the turbine operated with- 
out a governor of its own, the electrical machines driven (gen- 
erators) were of similar types; that is, all the current generated 
was supplied to a single line. It is not infrequent, however, for 
low-pressure steam turbines to be installed to operate with re- 
ciprocating engines in power houses where the generators on the 
engines are to supply direct current lines and the generators on 
the turbines are to supply alternating current for transmission 



^^is a generator to supply more current to the electrical supply 
lines. The additional load coming on the engine as the result 
of dri\Tng the motor will cause the governor to open the inlet 
valve wider oa the engine and admit a larger amount of steam 
Hmo the system. Conversely, when the line shafting is overloaded 
^^Bbe governor on the engine admits more steam to the system, in 
"greater amount, however, than the turbine requires. This re- 
sults in a speeding up of the turbine and a forging ahead of the 
sjTichronous motor so that it acts now purely as a motor to 
•assist in driving the shafting. 

Provisions for Intermittent Supply of Steam. An ingenious 
development, largch- due to Professor Rateau, has been applied 
to cases where the supply of exhaust steam is intermittent, as 
in the case of rolling mill and winding engines. Rateau's device, 
<:alled an accumulator, is used to bridge over the "dead periods," 
xind by providing sufficient capacity it can be made to provide a 
jjractically constant supply for an exhaust turbine. 

Rateau's Accumulator. This regenerator or accumulator is 
^hown in Fig. 182, illustrating longitudinal and transverse sec- 
"*ions. This regenerator consists 0/ a large cylindrical shell partly 
:£!led with water. When the engine exhausting into it is running 
"«he steam is delivered as a spray through the small holes in a num- 
fccr of pipes immersed in the water. By this method some of the 

Eteam is condensed and gives up heat to the most of the water. 
As these accumulators operate usually with steam at atraos- 
heric pressure, the entering steam will have a temperature of 212 
degrees F. and will tend to heat the water to that temperature. If, 
-»iow, the engine stops, the supply of exhaust steam is discontinued, 
and the flow of steam to the turbine will tend to make the pres- 
: fall off slightly so that 212 degrees F. will then be slightly 
lOve the temperature of boiling water at this lower pressure. In 
5 way the water will be evaporated to supply steam as a boiler 
rould. If, now, the engine starts again, steam will be delivered 
1 the accumulator at a temperature slightly above that to which 
e water has fallen, due to the cooling effect of the evaporation 
V supplying the turbine, and the mass of water will again absorb 
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heat from the exhaust steam. Water has a higher specific heat 
than any other substance except hydrogen, so that it is a most 
suitable and convenient substance for heat accumulation. 

In actual practice it is more convenient to run the regenerator 
at a pound or two pressure above the atmosphere, as in this case 
the piping is not imder vacuum, so that so much care does not 
lave to be exercised to avoid air leaks. In certain cases, how- 
ever, it is desirable to nm below atmospheric pressure. In this 
ivay the power of the primary engine may be augmented by 
getting it operate at a partial vacuum. Plants are actually nm- 
Jiing with a delivery pressure to the turbines as low as six pounds 
l)elow atmospheric pressure. 

On accoimt of heat radiation from the accumulator, water 
^adually accumidates in it; but by means of a float trap shown 
sit the right-hand side of the longitudinal section this excess of 
"water is removed. 

If for any reason the engine shuts down for a considerable 

3)eriod, the supply of heat stored in the accumulator will become 

exhausted and the pressure will fall below the practical limit for 

operation of the turbine. To pro\ide for such an emergency an 

<sutomatic reducing valve is inserted in the piping to deliver live 

steam to the accmnulator. There is also a relief valve on the 

^acaunulator through which excess steam will pass off into the 

^r when the pressure becomes 3 or 4 pounds above atmospheric. 

The pressure in the accumulator should be always about five 

to ten pounds per square inch, gage pressure, or at least a few 

poimds above the atmospheric to avoid the possibility of air 

leaking into the system. 

The imp>ortant consideration in the selection and designing of 
an accumulator for a low-pressure turbine is the length of time 
the regenerator will be expected to carry full load on the turbine 
without receiving any low-pressure steam from the engine or 
engines. Obviously the longer this time is, the greater the 
capacity required of the accumulator. Quite generally the mis- 
take has been made, according to Hodgkinson,* of supplying 

* The Electric Journal^ April, 1913, page 335. 
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these accumulators in much too large sizes for the require- 
ments. In many cases the time interval has been assumed to 
be six to seven minutes, during which the accumulator must 
supply the steam, while more careful study shows that five to 
six seconds would have been a much better estimate. The case 
of a steel mill is cited. If the exhaust is to be taken from a 
blooming mill the time element should bear some relation to the 
period between the passes of an ingot; as well as to the maximum 
time from the last pass of one ingot to the first pass of the next .^M't 
ingot. The accumulator should not be designed, therefore, to 
cover such delays as would arise from the clogging of the mills 
or because a new ingot might not be ready to be bloomed. For 
these cases of unusual delays another method is reconunended. 
When the demand for steam at the engines is interrupted there 
will be a sudden rise of pressure in the boilers and the safety- 
valves will blow off. This steam should be piped to the accu- 
mulator inlet instead of being allowed to escape to the atmos- 
phere. This steam from the safety valves will assist materially 
in helping the low-pressure turbine in carrying its load. A very 
good arrangement for the accomplishment of this idea is to place 
a " cross-connection " of piping between the steam main sup- 
plying the engine and the engine exhaust line, and to put into 
this line a globe type of spring loaded valve set to permit steam 
to pass through the cross-connection when the pressure is a few 
pounds lower than that at which the boiler safety valves will 
blow. 

For engine power plants, w^here the supply of exhaust steam 
is often stopped for long periods, the accumxilator installation 
is usually dispensed with, and the low-pressure turbines are 
provided with piping to take steam directly from the boilers, 
in addition to the exhaust steam piping. (See pages 258a to 
258d.) 

An exhaust steam turbine has, of course, relatively few rows of 
blades compared with ordinary high-pressure turbines. 

From several tests made with 500-kilowatt exhaust turbines 
in England, a steam consumption of 34 pounds per kilowatt-hour 
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In all these tests the exhaust was condensed in a surface con- 
denser, which assures accuracy in measuring the steam con- 
sumption. 

A Curtis exhaust steam turbine installed in Philadelphia 
receives the exhaust steam from reciprocating engines at a pres- 
sure of 15 to 16 pounds per square inch absolute, and exhausts 
into a condenser with an average vacuum of 28 inches. The 
turbine has no governor, but takes all the steam the engines 
will supply. The output over and above that obtained from 
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the reciprocating engines is increased about 66 per cent, for the 
same steam consumption. With dr\-, saturated steam at atmos- 
pheric pressure delivered to the turbine, the guaranteed steam 
consumption b 36 pounds per kilowatt at full load, and 40 
pounds per kilowatt at half load. It is stated that the actual 
test results are probably at least 10 per cent, belter. 

Since the exhaust from reciprocating engines is often very wet, 
it is good practice to insert a steam separator in the steam pipe 
leading to the low-pressure turbine. 

Most applications of low-pressure turbines have been made in 
collieries and steel mills, where non-condensing engines are the 
rule. Results are, however, so satisfactory that the design of 
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new plants having a compound engine with a smaller low-presaiire 
cylinder tlian is usually provided, which is lo discharge it; 
exhaust into a steam turbine is likely to become common, as 
giving belter steam economy than can be obtained from either 
reciprocating engines alone or turbines alone. 

Low-pressure Steam Turbines Combined with Gas EQ|;ines. 
There is also another field open lo the low-pressure steam turbine. 
The hot cooling water from the jackets of large gas engines could 
be healed by the exhaust gases, and the low-pressure steam thus 
formed would drive a steam turbine. 



CHAPTER X. 

MIXED-PRESSURE TURBINES. 

It sometimes happens that there is an available source of low- 
pressure steam which it is desired to utilize for the development 
of power, but where unfortunately there is not always at hand 
a sufficiently large amount of this low-pressure steam to take 
care of the power requirement. To suit this condition it is not 
infrequent to provide in a steam turbine a high-pressure section 
to take steam at boiler pressure and thus help out the low- 
pressure section when its normal supply of steam is low. In this 
type of construction when, however, the supply of low-pressure 
steam is suflScient for the power requirements, the supply of 
high-pressure steam is cut off entirely by the governor; and on 
the other hand when the supply of low-pressure steam becomes 
again sufficient in quantity, no more high-pressure steam is 
used. 

The generous use of live steam in low-pressure steam turbines 
is not by any means as poor engineering practice as at first 
thought it appears. The obvious reason for admitting live steam 
to the turbine is that the supply of low-pressure steam from 
the engines is insufficient for the turbine requirements, and that 
consequently some of the engines have been relieved of their 
load more or less suddenly. The boiler plant continues, however, 
to make steam at the former rate, and the safetv valves will soon 
blow off unless the excess steam can be used in the power plant. 
By taking this excess of steam to the turbine to help in carrying 
its load, which we shall assume has not been reduced, will serve 
to use this excess of steam to the best possible advantage. It 
is not an unusual practice even to pipe the discharge from the 
safety valves on the boilers into the receiver in the low-pressure 
piping supplying the turbine. These conditions are met most 
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frequently in the suddenly variable loads in rolling mills and ii 
hoisting operations where the reciprocating engine drives the 
rolls or hoists and the low-pressure turbine supplies a more onaKr-^i 
less constant electrical load for both lighting and comparativelyv^^.y 
light power requirements. If the intervals requiring the use^^^^se 
of high-pressure steam are relatively long, as for example fiv^^^«;*'e 
to ten hours on the average, then a so-called "mixed turbine'* ^' t'' 
type should be used. The accumulator method is also adap-^:i^|>- 
table for the longer period but is expensive as regards first cost:^* ^t. 
The so-called " mixed ^' steam turbine has been a developmen -^r-nt 
of the applications of steam turbines to suit two important coi 
ditions of operation which are as follows: (i) the case wher 
a low-pressure turbine is to be used to develop an amount ociz^of 
power for which there is not constantly available a suflScien^rrmt 
amount of low-pressure steam to carry the average load; an» ^^d 
(2) when there are large enough quantities of low-pressure stear^i^cm 
at certain times to carry the load but at more or less long intevr ^r- 
vals there is no exhaust steam supplied at all. Both of the^^s^ 
cases require the suppl>TJig of large quantities of steam froi^Kzm 
sources independent on the exhaust lines and live steam direc^^^t 
from the boilers is invariably the substitute. For this sort c^^f 
service with widely varying steam pressures the mixed-pressui^^e 
turbine has found acceptable application. In speaking of a 
mixed-pressure turbine in this chapter we shall think of one ha^ 
ing separate high- and low-pressure portions in a single casinj 
A good example is shown in Fig. 185a, where the high-pressure 
portion is pro\ided with an impulse wheel which is made easily 
removable so that when for long periods high-pressure steam 
is not needed it can be taken off. High-pressure steam enters 
at the steam chest opposite the nozzles in the "impulse" section. 
Low-pressure steam enters only the reaction blading through the 
vertical pipe coming up behind the "reaction" section. Such a 
turbine differs essentially from the ordinary low-pressure tur- 
bine which is provided with its own governor only in having 
under the control of the governor a special set of valves arranged 
to supply live steam to nozzles directing steam into a section of 
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high-pressure blades before discharging through the low-pressure 
sections along with a supply of low-pressure steam with which 
it mixes. A very common t>-pe of mixed-pressure turbine con- 
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sists of an impulse wheel in which the energy drop from boiler 
to about atmospheric pressure is absorbed and the remainder 
of the energy is taken out by expansion in low-pressure reaction 
blading. An installation of this kind is illustrated by Fig. 185b. 
The valves under the control of the governor are adjusted so 
that no high-pressure steam is admitted until the valves on the 
low-pressure line are wide open. There are often excellent oppor- 
tunities for the installation of mixed-pressure turbines in con- 
junction with accumulators; but in every case a check valve 
must be provided between the accumulator and the turbine in 
the low-pressure line to prevent live steam getting back into 
the shell of the accumulator, which will probably not be strong 
enough to withstand the excessive stresses that might be pro- 
duced. 

In many mixed-pressure turbines the high-pressure section, 
if of a simple disk construction, is frequently made removable 
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iis in Fig. 185a, so that the "windage" loss due to its revolutJo'i 
when not in use can be eliminated. A good estimate is tba^ 
atjout 2 per cent, of the power of the turbine is lost in the 3^' 

resistance of such a high-pressure section. 







Mbced -pressure turbines are not often used in sizes larger 
than about 3000 kilowatts. To meet the requirements of the 
larger capacities it is best to use a regular or "complete expan- 
sion " turbine in combination with a smaller simple low-pressure 

turbine. 




CHAPTER XL 

BLEEDER OR EXTRACTION TURBINES. 

The name "bleeder" or "extraction" turbine is given to 
one specially designed to take steam at boiler pressure and to 
exhaust part of this steam at a normally low vacuum while 
another part is " extracted " or taken out from one of the 
stages at a pressure of five to ten pounds per square inch gage 
pressure; that is, just a little above atmospheric. In many 
cases, as for example in cotton, woolen, and paper mills, this 
steam is "extracted" for manufacturing purposes, usually heat- 
ing water in vats. More commonly, however, such turbines 
find thdr application for supplying the low-pressure steam re- 
adied in a heating system for houses, factories, office buildings, 
etc. Because this latter supply is needed only a part of the year 
Ud otherwise is variable with the seasons, there will be times 
when the turbine operates by complete expansion of all the steam 
supplied to it by the boilers. Obviously it is necessary to provide 
in such turbines a means whereby the *' bleeder " steam can be 
taken out at any time, and with sufTicient back pressure even at 
light loads to maintain a pressure in the section from which the 
steam is to be withdrawn to overcome the resistances of pipes 
and valves, so that steam can flow freely as required. It is 
desirable also that the pressure in this section of the turbine 
should be fairly constant. To accomplish this result in Wcs- 
tinghouse-Parsons turbines a partition diaphragm has been used 
to separate completely the high-pressure from the h)w-prcssure 
portion, as shown in Fig. 185c. The steam from the hi<i:h-prcs- 
sure section passes normally out through the bleeder passage 
and into the mains to be supplied with steam. When, how- 
ever, the turbine uses more steam than is needed for the service 

supplied by these mains then the pressure in these passages 

25SC 
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" backs up," and when above that pressure for which 1 
matic * vaive shown at the top of the figure has been 
steam flows out into the Jow-pressure sections of the 
where it does work, and thence into the condenser. 
function of this valve to maintain sufficient pressur 
passages to create the desired flow into the mains, 
therefore some throttling action in this \'alve which 
slight loss in the available energj- of the steajn suppUt 
low-pressure sections. 




Fig. i8sc. Weslinghouse-Parsons "Bleeder" Turbine. 

To avoid as much as possible the throttling action 
to above, Curtis turbines are designed without any a 
partitions or diaphragms. The method adopted is tc 
ring-shaped valve over the nozzles leading from the st 
which the steam is to be " extracted." This valve is 
automatically bj- a mechanism responsive to the pressu 
stage so that the effective area of the nozzles is ch, 
required to maintain a constant pressure. By this me 
closing of the nozzles occurs only in groups, so that a 
throttling action that might occur due to partial openii 
create its loss only in a small group rather than in all th 

• Similar lo a relief or safety \alvc in ils action. 
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in the stage; those not throttled would be either dosed off 
entirdy or else wide open. 




''Ji^' 



' FiC. i8se. Side ot IJiopliragm of Bleeder Turbine. 

Parts of this device are illustrated by the following figures: 
fig. iSsd shows the ring valve used for covering the nozzles 







i'fr. whw-.h actuates the \Ttl\T. By means at a flexible joint at 
'i, tht f»t--lr.n r'jd 'z; roo\-es the \-^'e pbte back and forth over 
tiiti fa/ J: '4 the nozzJes. Pressure oo the pistoo (14) in the oil 
'or ifttam; rjlin'ler (^13; gives the nio\'eiQent to the [HSton rod. 
M'lVi-.mKnU iii the piston are effected by means of the [rilot valve 
fii/ whuh is in turn actuated by the diaphragm (30) by means 
nS till; rfwls i'34J and ('39). This diaphragm with its "corrugated" 
(,r " iuf'trdion " sides forms a cj'lindricaJ chamber which is in 
<'itiirnuriiiati<>n Ity means of small piping with the stage to be con- 
I rolled, iirifl from which the "bleeder" steam is to be taken. 
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4o-vements of the diaphragm are opposed by the spiral spring 
3©^ which can be set to maintain any desired steam pressure in 
tie stage. 

Careful inspection of Fig. iSsd shows that the ports in the 
ring valve are not all of the same size but are of progressively 
ixicreasing width aroimd the circumference from the narrowest 
■to the largest. The narrow parts begin closing up on the first 
rnovement of the valve. There are four groups. The second 
group begins closing only after the first or narrowest set is 
iuUy closed. 

A balance-plate (Fig. iSsg) is put on top of the ring valve 
I Fig. iSsd) for the purpose of assisting in equalizing the pres- 
sure oa the two sides of the valve, and thus reducing the force 
required to move it. 




Fig. i85g, Noizle -plate for Cunis Ring Valve. 

It is comparatively a very easy matter to remove some of t 
steam which has been partly expanded in the turbine b)- the 
Use of suitable automatic or hand-controlled valves even when 
lie quantity of steam required at a constant pressure in such a 
bleeder line is quite variable. By this method it Is possible to 
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extract the greatest amount normally possible as required for 
generating power and at the same time supplying at a reason- 
ably constant pressure " usually about atmospheric," or about 
5 poimds above, the requirements for heating or industrial 
purposes. 

Fig. i8sh shows the satisfactory lilling of the blades of an.*- 
impulse turbine of the " bleeder " tj-pe. 




CHAPTER XII. 

MARINE TURBINES. 

One of the most important fields for the steam turbine is the 
propulsion of ships. In the mercantile marine the progress of 
the turbine had been extremely rapid, the first mercantile vessel 
propelled by turbines having been built only a very few years 
ago. That vessel had about 700 tons displacement, and developed 
3 5<^ indicated horsepower, comparing with a tonnage of 45,000 
and 70,000 horsepower in the Lusitania and Mauretania. Care- 
ful trials had shown that at all speeds above 14 knots the turbine 
^'asmoie econoniical than the reciprocating engine, being 15 per 
cent better at 18 knots, 31 per cent, better at 20 J knots, and 36 
percent, better at 20.1 knots. In the Dover-Calais ser\'ice it had 
been found that the turbine boats carried passengers at two knots 
greater speed with 25 per cent, less coal per passenger than boats 
piopelled with reciprocating engines. A saving in coal of about 
Qpercent. was computed for the turbine steamers belonging to the 
Midland Railway (England), as compared with similar steamers 
of the same company equipped with reciprocating engines. 
The difference in initial cost and in weight of machinery was 
found to favor the turbine driven ships by i J and 6 per cent. 
respectively. When used for marine service, doubtless the 
greatest defect of practical steam turbines is that they cannot be 
reversed. Many attempts have been made to devise a turbine to 
reverse in a simple way comparable with a reversing reci[)rocat- 
ing engine. It is the present practice to provide lur!)ine driven 
ships with two turbines used only for reversing, and as they are noi 
intended for high speed, they may be of small ])o\vcr comjKircd 
with the main turbines. These two reversing turbines are usually 
fitted to the same shafts as the low-pres>iirc iur!)ines, and when 
the ship is running ahead their rotors revolve idly in a vacuum. 

259 
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When the ship is to be run backward the steam is shut oflF fro»zzi 
the ** ahead" turbines and is admitted to the auxiliary reversin; 
•turbines. There is, of course, a disadvantage from not havin, 
at times the full normal motive power of the ship availabL^ 
for backing. Besides, conditions are not ideal when a lar^^ 
portion of the plant is idle for a greater part of the time. Thes^-c 
reversing turbines will occupy a great deal of longitudinal spac^3, 
so that the floor space required for an installation of marirm.^ 
steam turbines is larger than that required for reciprocating 
engines for the same conditions of service. 

The White Star Company (International Mercantile Marine 
Company) has decided to operate ocean steamers with a cotxi- 
bined reciprocating and turbine engine plant. The two out^^^ 
shafts will be driven by quadruple expansion reciprocating ^^' 
gines and the central shaft by a low-pressure turbine opera t:^^ 
by the exhaust steam from the low-pressure cylinder of i^l^ 
reciprocating engines. For going backward, the reciprocati^S 
engines will be used, as they are readily reversed, and in tie 
ordinary service the turbine and reciprocating engines will l^ 
operated together. By this combination the advantages of 
reciprocating engines for reversing are secured, together with 
the great range of expansion which is possible with the steam 
turbine. 

It is difficult to say what developments the future will bring 
in the applications of steam and gas turbines to the marine 
serv'ice. Practically all the new battleships and cruisers for the 
British navy are now turbine driven. If we consider that the 
steam turbine in its practical form commenced its real develop- 
ment only in 1885, the future certainly may have rich possibilities. 

Fig. iSsi represents the results of tests made at variable 
speeds and powers on a standard combined impulse and reaction 
t}pe of turbine. In explaining the results of these tests Mr. 
H. T. Herr * states that investigations now under way by the 
*' Westinghouse interests '' will insure the elimination in the near 
future of the reciprocating engine in the field of marine propul- 

* Journal of the Franklin Institute^ March, 1913. 
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sioQ as the turbine generator has practically eliminated it for 
cleclric power plant service. 

On account of the difficulty of adjusting the inherent re- 
quirements of tlie steam turbine for operation at relatively high 
loutive speed and the corresponding difficulty, opposite how- 
tvex, in eflect, of the efficient operation of the propellers of 
steamships at anything hut relativel)' low speed, the appUca- 
tions of steam turbines to the propulsion of ships has been very 
much limited. If it were not for these difficulties there is no 
reason why the steam turbine shoukl not displace the recipro- 






















































































j; 5jo 












U ^-Z 




- 


_ 


__ 


:"'l"l 


£2i 


,.___ 




1- 


-- 




Sai 


^ _ 


t 


u 


-- 


- *)-! « 3 


• 


___^. -2 




^ 


'- 


:«,Soi 










































































800 1600 2*00 3!f)0 (000 

Fif.. 1851. Curves Showing Variation of Steam ConaumpUon, Hors 
E&icncy of Latest Designs of Steam Turbines with Spet 

eating steam engine almost entirely for this service 

account, however, the application has been confin 

■ tntirely to merchant and naval vessels designed for 1 

^bervice. Experience has shown that in the application 

Pturbines to slow-speed ships there has been no a 

saving in weight, in space, or in the cost of operation, 

it would have been with reciprocating engines. TJ 

approach to the solution of this problem is to be secL 

Lably by the application of gearing essentially simila 

^nedgned by De Laval. This sort of gearing cannot 
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be ^^ibed without modiOcation to turbines develo[»iig mute 
tbui posably looo bor^cpower. A design much better suited to 
lii|.h ^mil oooditicDs and also adaptable for large power has 
been dmioptd l^- the Wesonghouse Machine Company nilli 
the ooepcx»doo ot Mr. George Westinghouse, Admiral George 
McBvile, and Mr. John H. Macalpine. The essential principle 
tbeir in^mn'oiKats consists in the application of 
DStntg frame ** designed to earn' the pinion on the 
tnun turiuDC Uiafl. The experimental gear developed in the 
eatly stages had a floating frame supported on pivots, permitting 
flexibtlity as regards horizontal movement of the pinion, 
was ripd as i^ards \-ertical mm-ements. Vcrj- recently Mr. 
Westio^ouse de\-eloped a \-en- important improvement c 
sasting in the substitutkn of a Sexible support by means of 
hydrauHc jnstrais taking the place of the rigid vertical supports, 
and in this waj- impro\-ing \-ery much the effidencj- and the 
wearing properties of the gear. This improvement in wearing 
pri^rtics had also the effect of reducing lo a minimum all 
Doisc and \ibration which in the original design ' 
erable. In tius later drdgn (Figs. 185) and k), the main fraffll 
sufi|iorting the pinion is held up by the pistons in the hydraull' 
v:jliiKiers filled with oil under pressure. This constructJOI 
|Vnmts vertfcal mo\-«iients of the pinion along mth its fleii 
WKly in its floating frame and is therefore a greiit improve 
nvmt in that the earlier design permitted oidy lateral moi 
WfMl. The vertical movement is permitted by the supportio 
wi Ihr Aottling frame on the piston connected to the support 
llf iwts. Similarly the lateral movement is permitted by 1 
MJMlliitilj of the horizontal pistons on the two ^des of I 

IfW * ttKMV complete description and discussion of the " floa 
4tmtt<HUc" t>-pe of reduction gear see Engineering, vol, 95 (1Q13) 
^Myk vOg aud 609, and The Electric Jourrud, January, 1912. 

^ikMt taile curves drawn from the data of acceptance teai 
vM ^ bAllleships Xorlh Dakota and Delaware are shown 
*ii^4 »J|I^ (."Vrvvs A and Bi show the steam consumption pe 




?1a. iBsJ. "Floating Frame" K-.-'lu.ii.m Cejr, Sbowing G«ara when Side of 
Casing is Ki: moved. 
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f;^nd Slcam Turbitm were used. ^H 
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shaft horsepower per hour of the engines in the two battleships, 
while C and Ci show the corresponding results if geared turbines 
had been used instead of reciprocating engines. It is estimated 
that with a geared turbine combination of the Wcstinghouse 
" floating frame " type the economy of the prime movers in 
vessels of the Delaware class could be improved ^o per cent. 
at full ^)eed and 25 per cent, at cruising speed. Fig. 185m 




FlO. iSjin- Low-pressure Turbine Casing for Gcnnan Steamship. 

shows the enormous size of the casings for the low-pressure 
sections of the steam turbines installed in modern battle- 
ships. 

Electrical Transmission for Ships. Another method differ- 
ent from the use of reduction gears has been frequently sug- 
gested for making the steam turbine more adaptable for marine 
service. This method consists in using on the vessel steam 
turbines direct connected to high-speed electric generators, 
which can operate then under practically identical conditions 
as in "land" ser\'ice. These turbines, obNiously, can then be 
designed to operate at a speed best suited to obtain high effi- 
ciency. The electric current from the generators is used to 
drive slow-speed electric motors on the shafts of the propellers, 
the speed here being that giving best eiEciency for the pro- 
pellers. 

This method offers great flexibility in the handling of a 
vessel, as the motors can be very quickly reversed, and changes 
of speed are readily obtainable. 
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^though this method tnr „. ■ 
-•«-'ed by engineers for IT P™^'^'"'''" >^ b«n * 

«'ved very favorable a ee^^'j;';"''''- "»■ as ,« „. 
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CHAPTER Xm. 



TESTS OF STEAM TURBINES. 



Testing Steam Turbines.* In every power plant the means 

I should always be available for making Icsts of the steam equip- 

linent to determine the steam consumption. Usually tests are 

Imade to detcnnine how nearly the [jerformancc of a turbine 

Itpproaches the conditions for which it was designed. The 

■results obtained from tests of a turbine are to show usually the 

jsteam consumption required to develop a unit of power in a unit 

Pof time, as, for example, a horsepower-hour or a kilowatt-hour. 

In such tests a number of ob5cr\'ations must be made regarding 

the condition of the steam in its passage through the turbine and 

of the performance of the turbine as a machine. To get a good 

idea of what these observations mean, it may be profitable to 

EdIIow the steam as it passes through the turbine. The steam 

. from the boilers through the main steam pipe and the 

Ives of the turbine to the nozzles or stationary blades as the 

ise may be. It then passes through the blades and finally 

Ecapes through the exhaust pipe to the condenser. It is pref- 

rablc to have a surface condenser for tests so that the exhaust 

«team can be weighed. The weighing is done usually in large 

tanks mounted on platform scales. 

Methods for Testing. The important observations to be made 
in steam turbine tests are: 

Pressure of the steam supplied to the turbine. 
Speed of rotation of the turbine shaft, usually taken in 
devolutions per minute. 

Measurement of power with a Prony or a water brake, if 
fthe power at the turbine shaft is desired; or with electrical instru- 
' ments (ammeters, voltmeters, and wattmeters), if the power is 
measured by the output of an electric generator. 

• For complete and detailed itiforraalion rpRarding the testing of steam tur- 

bines and other prime movers, as well as the revised codes of testing adopted by 

^^Jhe American Society of Mechanical Engineers, sec Fiiwer FlanI Tesliiig, pagc^ 

^Kd4-36j, by the author (McGraw-Hill Bfwk Co., N.V.). 
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'3 

surface con^^ 



4. Weight, or measurement by volume, of the 

steam discharged from the condenser. Unless a surface con* 
denser is used it is very difficult to obtain the amount of steam 
used by the turbine. All leakages from pipes, pumps, and 
valves, which is part of the steam which has gone through the 
turbine, must be added to the weight of the condensed steam. 
The accuracy of a test often depends a great deal on how 
accurately leaks have been provided against, or measured when 
they occur. 

5. Temperature of the steam as it enters the turbine. If the 
temperature is higher than that due to the pressure of the saturated 
steam given in steam tables, the steam is superheated; if, how- 
ever, the temperature is not higher the steam may be wet, and ^_ 
calorimeter must be attached as near the turbine steam chest (^| 
possible.* ^M 

All gauges, electrical instruments, and thermometers should 1*^ 
carefully calibrated before and after each test so that observations 
can be corrected for any errors. The zero readings of Prony 
and water brakes for measuring power should be carefully 
obsen'cd and corrected to eliminate the friction of the apparatus 
with no load. Unless all these precautions are taken the dif- 
iicuhies in getting reliable tests of turbines are greatly increas 
In all cases tests should be continued for several hours 1 
absolutely constant conditions if the tests arc to be of value. 

The most valuable test of a steam turbine is made when vai 
only the load; that is, with pressures, superheat, and speed coJ 
stant. WTien the steam consumption is then plotted 
fractions of full load, a water-rate curve is obtained. For siK 
a curve a series of tests are needed, each for some fraction of Ii 
load; and in each separate test the power as well as all the otl| 
conditions must be held constant. 

• The most saiisfacloiy tests of turbines are made wiih sleam slightlj mpi 
healed rather than wet. When sleam is very wel (mote than about 4 per ctOL 
mntslure for oidinary pressures) the delerminatioQ of the quality is difUcult. Thett 
is also a danger that steam showing only a few degrees of superheat by the leading 
of ihe ihctmomctcr is actually wet. The high temperature is due in 
heating from eddies around the thermometer caso or in steam pocket: 
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H Another important lest of the perfonnance of steam turbines is 
I made by var)'ing both the speed and the power and keeping the 
other conditions constant. The obseirations of speed and power 
from such a test give a power parabola as illustrated in Fig. 80. 
This curve shows at what speed the turbine gives the greatest 
output. 

For complete tests of a steam turbine the steam consumption 
should be determined at fuU load {1) with varj'ing initial steam 
pressure; (2)with varying vacuum; and (3) with varying superheat. 

A complete set of tests as outlined will give sufficient data to 
determine all the corrections usually required. 

Commercial Testing. The methods used by the New York 
Edison Company in commercial tests of steam turbine -gene rater 
units may well be explained briefly. 

I>urTng a test the load on the turbine unit is maintained as con- 
stant as possible by "remote control" of the turbine governor by 
the switchboard operator. The maximum variation in load is 
to be held within 4 per cent, above and below the mean. For 
some time previous to the test the turbine is run a little below the 
load required for the test, but at least ten minutes before the 
starting signal is given the test load must be on the machine. 

Three-phase electrical load is measured by the two-wattmeter 
method * using Weston indicating wattmeters of the standard 
laboratory type. These instruments are calibrated by a well- 
known testing laboratory immediately before and after the test. 
Power factor is maintained substantially at unity and all electrical 
readings arc taken at one-minute intervals. 

When the turbine is provided with a surface condenser, the 
steam consumption, or water rate, is determined by weighing in 
a large tank supported on platform scales the condensed steam 
delivered from the condenser hot well. Above the weighing 
tank a reservoir is provided which is large enough to hold the 
condensation accumulating between the weighings which are 
made at intervals of five minutes. By using a loop connection 

' Cf. Kent's Mechanical Engineer's 
page 1396, or Foster's EJcclrical Eas'iii 
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for the gland water supply (of Wcstinghouse turbines) or the 
water from the step bearing (of Curtis turbines using water for 
this bearing) the necessity for correcting the weighings for these 
amounts is avoided. 

Because the circulating water at the stations of this company 
is usually quite salt, any condenser leakage is detected by testing 
the condensed steam by the silver-nitrate method with a suitable 
color indicator. This color method is said to be a decided 
advantage over the usual method of weighing the leakage accu- 
mulating during a definite period when the condenser is idle and 
is tested for only one particular vacuum. By taking samples 
of circulating water and condensed steam at the same time, 
it is possible to detect any change in the rate of condenser 
leakage. 

The water level in the hot well is maintained at practically a 
constant point by means of a float valve in the well automatically 
controlling the speed and, therefore, the amount of the deliveii' 
of the hot-well pump. This device avoids the necessity for the 
dillicult correction to be made in a test when the levels in the hoi 
well are not the same at the beginning and end of a test. Tem- 
])eratures and pressures of the admission steam are determined 
by mercury thermometers and pressure gauges located near the 
main throttle valve of the turbine; the amount of superheat is 
determined by subtracting from the actual steam tcmpcraluK 
after making thermometer corrections Ihe temperature of 
saturated steam corresponding to the pressure al Ihe point where 
the temperature is measured. All gauges and thermometers are 
calibrated before and after the test. 

Vacuum is measured directly at the turbine exhaust by rneaJis 
of a mercury column with a barometer alongside for reducing ih* 
vacuum to standard barometer conditions (,10 inches 1. By ihis 
latter arrangement the necessity for temperature corrections 
which are necessary when the two mercury columns are not at 
the same place is avoided. 

Fig. 188 shows a 5500-kilowatt We s i in ghousc- Parsons turbine 
set up for testing in the shops before shipment lo the custoj 
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The power is measured by means of a large water brake showr^ \n 
the figure at the left of the turbine. 

Reports of Tests. The tables given below have been prepa^xed 
to show the steam consumption, together with the most im^ijor- 
tant other data, of what are believed to be reliable test& of 
standard makes of steam turbines. The vacuum given in tie 
tables is the equivalent referred to 30 inches barometer. 

Curtis Turbines. The following results were obtained in 
1905 by Messrs. Sargent and Lundy with a 2000-kilowatt Curtis 
turbine-generator. 



Kilowatts. 


Steam Pressure 
(Gauge). 


Superheat, 
Deg. F. 


Vacuum, Inches. 


Pounds per 
Kilowatt-hour. 


555 
1067 

2024 


iSS-5 
170.2 

166.3 


204 
120 
207 


28.5 
28.4 
28.5 


18.09 
16.31 
15.02 



Also the following results are reported in 1907 with a 9000- 
kilowatt turbine-generator in Chicago: 



Kilowatts. 


Steam Pressure 
(Gauge). 


Superheat, 
Deg. F. 


Vacuum, 
Inches. 


Pounds per 
Kilowatt-hour 


5»374 

8,070 

10,186 

13,900 


182 

179 
176 

198 


^33 
116 

147 
140 


29-43 

29-35 

29-47 
29.31 


1315 
13.00 

12.90 

13.60 



Parsons Turbines. A 1500-kilowatt Parsons turbine was 
tested at Sheffield, England, with the following results: 



Kilowatts. 


Steam Pressure 
(Gauge). 


Superheat, 
Deg. P. 


Vacuum, 
Inches. 


Pounds per 
Kilowatt-hour 


530 
1071 

i5«5 


I45-0 
131. 

128.5 


110 
124 
125 


28.9 
28.3 

275 


21.58 
18.24 
17.60 
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The results of two tests of a 300-kilowatt Parsons turbine 
installed at the Hulton colliery are also given to show the change 
of economy from running condensing 26.58 inches vacuum and 
non-condensing. 



Kilowatts. 


Steam Pressure 
(Gauge). 


Superheat, 
Deg. F. 


Vacuum, 
Inches. 


Pounds per 
Kilowatt-hour. 


303 
297 


158.0 
161. 






26.6 
0. 


23.15 
34.20 



These last tests show well the increased steam consumption 
(about 50 per cent.) when running non-condensing. 

Westinghouse-Parsons Turbines. The table below gives the 
'■^sults of tests in 1904 by F. P. Sheldon & Co., Providence, 
^•I., of a 400-kilowatt Westinghouse-Parsons turbine with about 
degrees F. superheat. 



Brake 


Steam Pressure 


Superheat, 


Vacuum, 


Pounds per 


'^sepower. 


(Gauge).. 


Dcg, F. 


Inches. 


B.H.P. Hour.* 


^79-4 


153. 1 


92.5 


28.0 


14.34 


410.7 


153.2 


102.9 


28.0 


13-45 


^57.3 


152.7 


100.3 


28.0 


12.48 


967.5 


149.6 


100.2 


27.6 


12.79 


1207.5 


152.0 


99.9 


27-3 


13-55 



'^ Obeerre the steam cooaumption is in pounds per brake horsepower hour, instead of pounds per 
*<J(oiM//.bour as for acme of the other results given here. 

The curves given in Fig. 189 were plotted to show graphi- 
cally the steam consumption of 300, 500, and iood kilowatt 
Westinghouse-Parsons turbines with varying loads.* Data of 
the tests from which these curves were drawn, as well as of a 
test of a 3000-kilowatt turbine are given in the following tables. 
These tests were reported by J. R. Bibbins in 1906 and 1907. 

* The numbers marked on the curves to indicate the vacuum represent the 
actual readings taken in the test and are not referred to a standard (30 inches) 
barometer. 
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500-KlLOWATT TURBINE (COXDEXSIXG AND NON-CONDKNSIXG) (3600 R.rAI.> 



Brake 
Horsepower. 


Stesm Pmsure 
(Chrage). 


Superheat, 
Deg. F. 


Vacuum, 
Inches. 


B.H.P. Utn:.. 


383-5 

755-6 

1121.9 


152.6 

149-2 
148.8 


.2 
1.2 

S-1 


28.2 
27.8 
26.5 


14.15 
13.28 

14.32 


3«5-6 
766.8 

1144.4 


148.2 

147-3 
126.1 


2.7 

2.6 

II. 4 


0.8 
0.8 
0.8 


24.94 
22.10 

24 . 3<> 



These last tests show well the increased sleam consumption 
(about 75 per cent.) when running non-condensing. 



1000-KILOWATT TURBINE (1S<H) R.P M.). 



Brake 
Horsepower. 



752-4 

1503-5 
2252.7 



Steam Pressure 
(Gauge). 



150-5 
146.7 

145-3 



Superheat, 
Deg. F. 



0.2 

0.0 

0.0 



Vacuum, 
Inches. 



27-5 
27.0 

25.2 



Pounds iKT 
B.H.P. Hour. 



14.77 
13.61 

15 -29 



3000-KILOWATT TURBINE (1500 KVMX 



Brake 


Steam Pressure 
(Gauge). 


Superheat, 
Deg. P. 


Vacuum, 
Inches. 


Pounds per 
B.H.P. Hour. 


2295 
4410 


152.0 
143.9 


I03 

87 


26.2 

26.2 


12.36 
11.85 



Rateau Turbine. A looo-kilowatt Rateau turbine built at the 
Oerlikon works gave the following resuhs of steam consumption : 



Kik>watts. 


Steam Pressure 
(Absolute). 


Superheat, 
Deg. F. 


Vacuum, 
Inches. 


Pounds per 
Kilowatt-hour. 


194 

425 

871 

1024 


186 

155 
181 

179 


47 
21 

II 

TO 


27-73 
27.6 

23.6 
25.05 


31-97 
24.91 

24.69 

21.98 
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Zoelly Turbine. A 5500-kilowatt Zoelly turbine installed ^ 
the Quest Electricity Works, Paris, is said to operate at full \o^^ 
with a steam consumption of approximately 12.0 p)ounds 
brake horsepower-hour at 160 pounds per square inch gavx 
pressure, 200 degrees F. superheat, and 27 inches vacuum. 

De Laval Turbine. The following table gives results of t 
by Dean & Main of a 300-horsepower De Laval turbine: 



Brake 
Horsepower. 


Steam Pressure 
(Gauge). 


Superheat, 
Deg. F. 


1 

Vacuum. 
Inches. 


Pounds per 
B.H.P. Hour. 


196.0 

298.4 
352.0 


197.7 
197.0 

198 5 


16 
64 
84 


274 
27.4 

27.2 


15 62 

14-35 
13 94 



in 



The results shown in the above tests give the relative ste 
economy of the principal tjpes of turbines from light load 
overload. Tables I and II * on the following page give the 
parative results of the latest reported tests in America and 
Europe. 

HEAT UNIT BASIS OF EFFICIENCY. 

The usual methods used for correcting steam turbine tests "^^ 
get a standard for comparison explained in Chapter VI are n ^^^ 
established on a highly scientific basis. Engineers apprecia- *^ 
generally that a more rational method of comparison of tl^^ 
economy of heat engines on a heat unit basis should be adopt^^ 
in cases where it is practicable. As regards steam turbines thei'c 
are, however, so many uncertain factors entering into the dete^^* 
mination of a thermodjrnamic efficiency from the available energj 
that for the present such methods can be of little value, except 
in some special cases. Comparatively high superheats are no'*^* 
generally used, and our knowledge of the effect of reheating in ^ 
multi-stage turbine is very indefinite. 

A thermal efficiency can, however, be calculated readily and 
more satisfactorily by determining what percentage the heat 
equivalent of the work is of the heat "used by the turbine," 
assumed to be the difference between the total heat in the steam 

* Compiled by H. T. Herr and A. G. Christie. 
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at the initial conditions and the heat ("of the liquid") in the 
condensed steam at the temperature of the exhaust. 

By this method the full load test of a Westinghouse-Parsons 
turbine reported by F. P. Sheldon & Co. will be calculated from 
the data given in an official report. 

In order to make the results of such calculations of steam 
turbine tests comparable with the usual heat unit computations 
of reciprocating steam engine tests the results are generally 
expressed in terms of indicated or " internal " horsepower. 
F. P. Sheldon & Co. assumed the mechanical efficiency of a 
reciprocating engine of about the same capacity at full load to 
be 93.3 per cent. 

THERMAL EFFICIENCY OF A 400-KILOWATT STEAM TURBINE. 
Brake horsepower •. . . 660 

Corresponding indicated or "internal" horsepower of a recip- 

,. . 660 . 

rocating engine = 708 

Total steam used per hour, p>ounds 91^ 

Steam used per " internal" horsepower per hour, pounds .... 12.96 

Steam pressure, pounds per square inch absolute 166.9 

Superheat, degrees F 2.9 

Vacuum, referred to 30 inches barometer, inches 28.04 

Temperature of condensed steam, degrees F. (at .96 pound per 

square inch absolute pressure) 100. 6 

Total heat contents of one pound of dry saturated steam at 

the initial pressure, B.T.U 1193 • 9 

Heat equivalent of superheat in one pound of steam, B.T.U. 

{Cp. from Fig. 30) 1.9 

Total heat contents of one pound of superheated steam, B.T.U. 1195.8 

Heat of liquid in condensed steam, B.T.U 68.6 

Heat used in turbine jx^r pound steam, B.T.U 1127.2 

Heat used in turbine per "internal" horsepower - per 

minute, B.T.U. = 1127.2 X '^^ = 243.5 

Heat equivalent of one horsepower per minute, B.T.U. = ^ . 42.42 

770 

Thermal efficiency, per cent. (42.42 -^ 243.5) 17. 4 

Standard forms for data sheets and for tabulating results of 
steam turbine tests are given in Power Plant Testing by the 
author. (See pages 315-340.) Full explanations of methods 
and of necessary precautions are given. 



CHAPTER XIV. 

STEAM TURBINE ECONOMICS. 

The Best Conditions of Vacuum, Superheat, and Steam Pressure. 
For normal operating conditions, a great deal can be learned 
about the most profitable and satisfactory vacuum, superheat, 
and initial steam pressure for steam turbines from a comparison 
and study of existing modem power plants. 

For this purpose a table * is given on the following page in 
which data are given regarding the vacuum, superheat, and steam 
pressure of a large number of steam power plants. This table 
is compiled from fifty-eight turbine plants in America and in 
England. The figures represent the number of plants working 
under the conditions stated at the head of each column. 

There is no doubt that such comparative data of operating 
conditions are, from a practical viewpoint, of considerable impor- 
tance. Although these figures were collected in 1904 and 1905, 
they may be taken to represent very well the average practice of 
the last few years as well, except that in America there has been 
a tendency to operate a larger percentage of the plants with 
from 100 to 150 degrees F. superheat and at about 28 inches 

vacuum. 
The Question of the Most Profitable Vacutmi. Steam turbine 

manufacturers are inclined, naturally, because of the obvious 

advantages of turbines over reciprocating engines for operation 

at high vacuums, to draw attention to the reduction in the steam 

consumption when a plant is operated at a high vacuum. Then 

the question is often raised as to the actual economy considering 

the increased first cost of the condensers, pumps, and piping, 

♦ J. R. Bibbins, in the Report of American Street Railway Association, October, 
1904, page 201, and from data collected in 1905 by Messrs. Stevens and Hobart. 
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together with probably larger operating expenses. A gn 
depends on the local conditions, particularly on the ; 
temperature of the condenser cooling water. At plact 
sti^dy elevated above the sca-lcvel and where the tempt 
of the water supply for the condensers is very low — ne 
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freezing point for a large part of the year — it is doubtless profit- 
able to install condensing apparatus of sufficient size to operate 
sleam turbines at from 28.5 to 29 inches vacuum. The following 
tabic, calculated by J. R, Bibbins, gives side by side the 
theoretical and the practical vacuums at sea-level for varying 
temperatures of the cooling water. 
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VACUUM AT SEA LEVEL FOR VARYING TEMPERATURES OF COOLING WATER 



Temperatures of Cooling 
Water. Dcg. F. 


Theoretical 

Possible 

Vacuum. 

Inches. 


Perfect Con- 
denser, No 

Temperature 

Difference. 

Inches. 


Actual Con- 
denser, I5°F. 
Difference. 
Inches. 


Actual Con- 
denser, 1 5° F. 
Difference. 
Inches. 


Ratio Water to Steam .... 


Infinite. 


60 to I. 


60 to 1, 


100 to I . 


3^ 
60 

70 

75 


29.83 
29.50 
29.30 
29. 10 


29.67 
2g.i2 
28.77 

28.51 


20-43 
28.56 

27-72 
27-37 


2054 
28.82 
28.38 
28.11 



In modern surface condenser installations there is usually a 
difference of about 15 degrees F. between the temperature of the 
condensed steam and of the discharged water. It will be seen 
then in the above table that with the reasonable ratio of cooling 
"water to steam of 60 to i the maximum vacuum obtainable, when 
the cooling water is taken in at 60 degrees, is 28.6 inches, and 
"when taken in at 70 degrees is only 27.7 inches.* 

The fact must not be lost sight of that the elevation has an 
appreciable effect on the maximum possible vacuum and con- 
sequently on the most profitable vacuum. At an elevation of 
1000 feet above the sea-level the possible vacuum obtainable 
with a given condensing apparatus wmII be about an inch less than 
at tide-water, and the vacuum reduction is, of course, in pro- 
p)ortion for other elevations. 

Bibbins has also calculated the actual percentage saving when 
the condenser equipment is increased so that the plant can be 
operated at 28 inches instead of 26 inches. It is estimated that 
the cost of the condenser equipment including pumps and piping 
will be $4000 more for a 2000-kilowatt plant to operate at 28 
inches vacuum than at 26 inches vacuum. The results are given 
in the table on the following page: 

♦ A firm of engineers which has been installing steam turbines almost exclusively 
in the power plants it has designed and constructed, has equipped a power plant at 
Tampa, Florida, with Diesel oil engines because of the cost of cooling water in a 
warm climate. 
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RELATIVE ECONOMY OF 28 INCHES VACUUM OVER 26 INCHES IN A 

200a-KILOWATT PLANT. 

Estimated Increased Cost of Equipment is $4,000. 



Net Saving 
expressed as 
Percentage of 
Increased Cap- 
ital Cost to 
Secure a8 Ins. 
Vacuum over 
that for a 6 Ins. 


Average 

Load 

in 

Kilowatts. 


Hours of 

Service 

per 

Day. 


Actual 
Evapo- 
ration, 
Pounds. 


Steam 
Consump- 
tion, 
Average 
Pounds 
per Kilo- 
watt-hotur. 


Water 
Saved per 
Kilowatt- 
hour 
by Rais- 
ing Vac- 
uum from 

a6 Ins. 
to a8 Ins. 


Coal. 

Dollars 

per 

Ton. 


Il8 
4 


1500 
1000 
1000 


24 
24 
10 


9-5 
8 

8 


23 
22 

22 


1.84 
1.76 
1.76 


4.50 
2.25 

113 



In the calculations for the above results the rate of interest was 
taken at 5 per cent, and depreciation at 7.5 per cent, on the extra 
cost of equipment. Cost of extra power consumed was at the 
rate of i cent per kilowatt-hour, and 10 cents per 1000 gallons of 
feed-water saved. 

Although it may be stated, in general, that it is profitable to 
equip a station to operate under normal conditions at a vacuum 
of 28 inches instead of 26 inches, it will be observed from the 
above table that there are cases where there is practically no 
advantage either way. In the third case given, where the plant 
has only a lo-hour load and coal is cheap, the gain is only 4 per 
cent. 

Operation at 29 inches vacuum compared with 28 inches is 
not nearly so favorable to the higher vacuum as the comparison 
of 28 inches with 26 inches. 

It will be observed in the table on the following page that the 
volume of the steam is increased practically in the same ratio (the 
volume is practically doubled) when the vacuum is increased from 
28 inches to 29 inches as when increased from 26 inches to 28 
inches. Fig. 181 shows graphically the very large increase in 
volume of the steam in its passage through the five stages of a 
large Curtis turbine operating at 29 inches vacuum. 
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TA.BLB OP THE VOLUME OP A POUND (SPECIFIC VOLUME) 
OF DRY SATUIL\TED STE.\M AT HIGH VACUUMS. 



Vacuum, Inches. 


Volume, Cubic Feet. 


2g 
28 
26 


665* 

342 

176 



* Ratio of the volume at 28 inches Yacuum to that at 26 inches is i ^4, and the ratio of vulumei 
' at 39 incbes vacuum and at a8 inches is i ^5 . 



It may be stated then that the capacity of the condensing 

equipment for a turbine operating at 29 inches vacuum must be 

practically four times as large as it would be for one exhausting 

at about 26 inches vacuum. Or, in other words, the volume of 

a pound of steam at the exhaust is 166 cubic feet larger at 28 

inches vacuum than at 26 inches, but that at 29 inches it is 323 

cubic feet larger than at 28 inches. Now if as has been stated 

the cost of the condensing equipment is $4000 more for a 2000- 

kilowatt unit when 28 inches vacuum is substituted for 26 inches, 

the increased cost is obviously much greater when 29 inches 

▼acuum is compared with 28 inches. 

For turbines of which the steam consumption is not reduced 
very much more per inch of vacuum between 28 and 29 inches 
than between 26 and 28 inches, in a comparison of the economic 
operation at 29 inches vacuum with 28 inches there is a large 
increased capital cost for condensing equipment which is not 
offset by a proportionate reduction of the steam consumption, 
and there are probably comparatively few places — unusually 
located as regards low elevation, low temperatures, large capacity, 
expensive fuel, or high load factor — where an installation for 
operation at an average vacuimi of 29 inches is profitable. 

The percentage change in the steam consumption is approxi- 
mately the same at light ("fraclionar') loads as at full load (see 
page 130). Now because the steam consumption per kilowatt- 
hour is greater at light loads, the change in steam constmiption 
per kilowatt-hour is therefore also greater at light loads than at 
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Fic. IOC. PcrccDiage Cunc of the EScci of Vacuum on the Steam Consumpdon 

of a Single-Su^ Inxpulie Turbine. 

turbine^ of ihc angle-stage type is probably shown ver>- accurately 
bv Fig. 190 ireproduccd from Fig. S8V* 

■ In the caialog^ of the Genrial Elemiic Company ii \~ staled thai a cune like 
Fig. U7 is t>r>Kal for most Cunis turbines, .\ctually, however, a cun-e like 
Fig. 7S is more acrurale. F.mmell has slated recently in a published communi- 
cation that "aiounil 2- inches the change in economy per inch is 6.6 per cenl.; 
j8 inches 7.8 per cenl.; and 29 inches 9,5 per cent." 

I'arsons slates in a paper read before the Institution of Electrical Engineers in 
190+ that in a turbine "the benefit derived from a good vacuum is much more than 
in a reciprocating engine. Ei-erj- inch of vacuum l)etHeen ij and 38 inches affects 
ihc steam consumption on an a ^■e rage about ,; pet cenl. in a loo-fcilowatl; 4 per cent, 
in a 5 00- kilowatt; ami 5 per cent, in a 1 500- kilowatt turbine, the effect being more at 
high lacuum and less at low." It seems very doubtful to the author whether, in 
general, vacuum (Orrertion? ran be classified according 10 the size of the turbine. 
There are some very large turbines of the Parsons type of which the vacuum 
correction is less than 4 per cent, per inch of vacuum. 
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The variation of Ihc sleam consumption of a 5oo-kiIo\vatt 
'e^tinghouse-Parsons turbine for vacuuni- fmni 25 to 2q inches 




I 



Turbine for 25, j6. 



from liglii loads to overloads is illustrated by the cur\'es in Fig. 191. 
What might be called a curve of normal vacuum corrcclion 
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(actois (or comparing those of 16, 27 and 39 inches with iS indKs 
in WesUnghouse turbines is given in Fi(. 193. 

Chilton,* after stating that the impression is no longer w 
common that a high vacuum is necessary to secure good results 
with steam turbines, says that the difference in economy of Aflis- 
Chalmers-Parsons turbines between 24 and 27 inches vacuuf 
is 5 per cent, per inch. Between 27 and 28 inches the saving ^ 
6 per cent., and between 28 and 29 inches is 7 per cent. 





-5- 

■? 

r 







^ ,^_ vacuum Coneclion Faitor~ f.ir We-^iinghuusp Single-Floiv Turbines. 



4. iln of the relative quantity of condensing water required 
teJtfcMit \'KCUums may be gained by comparing that required 
a«^ »iw' operating vacuums. For example, with injection 
^^^ J — degrees F., the usual temperature upon which con- 
^^^^ mgguSxss are based, it is customarj- to estimate that 
■^-^A-aWW* **^ ^7 inches about 36 pounds of water will be 
m^Aymwi of steam condensed, and about 1.4 times this 
to&^Mkcd for a vacuum of 28 inches. With injection 

" - » . Y., which may be considered the winter tem- 

il^ required for the foregoing vacuums are 
^■llXaihliiv /oHrnaJ. Oil. lu, 1007. 
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approximatdy 28 and 34 pounds respectively. Having the quan- 
tity of condensing water required, the cost of fuel, and cost of 
water delivered to the condenser, the vacuum best suited to the 
conditions under consideration may be readily determined. Theo- 
retically, the effect upon the turbine of reducing the vacuum 
bdow that for which it is designed, is to reduce the capacity and 
to lower the rating at which maximum economy is obtained. 

The following table * illustrates the percentage gain in economy 
per inch of vacuum for various vacuums. The close agreement 
between the actual results and the theoretical values should be 
observed. The table applies, however, only to turbines using 
very high steam pressures and superheats. For " land " turbine 
practice it is serviceable only for comparison. 



(»ain in Per C^nt. 



Inches of Vacuum. 



Curtis 

Parsons 

]*i[estinghouse-Parsons 
««oretical 



28 


27 




1 

26 


S-i 


4.8 


4.6 


50 


4.0 


35 


3- 14 


305 


2.05 


5.2 


4-4 


3.7 



25 



4.2 

3-0 

2.87 
3.0 



Effect of Superheating on Economy. The effect of superheat 
on the economy of De Laval and Parsons turbines is usually 
stated to be 10 per cent, per 100 degrees F. superheat. This 
statement is probably very nearly correct for the usual ranges of 
superheat in practice and is the usual correction employed by 
most consulting engineers for correcting steam turbine tests f up 
to about 150 degrees F. superheat. 

Some investigations made by Professor Hobart show that the 
mean superheat correction for Parsons turbines is almost exactly 

♦ Mechanical Engineer ^ Feb. 24, 1906. 

t The superheat corrections used by the engineers of the Westinghouse Com- 
panies, by Dean & Main, and by Parsons, are all approximately 10 per cent, per 100 
degrees F. superheat. 
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lo per cent, per loo degrees superheat for all superheats from 
o to IOC degrees F. Between loo and 150 degrees superheat it 
IS approximately 8 per cent., and between 150 and 250 degrees 
is about 6 per cent. It is the opinion of the author that the 
results of this investigation can be considered quite accurate, as 
a large number of tests were compared. A cur\^e showing 
approximately the same sort of variation in the superheat correc- 
tion of De Laval turbines is given in Fig. 87. Chilton states that 
tests of Allis-Chalmers-Parsons turbines show that the "incre- 
ment of saving becomes smaller as the superheat is increased''; 
adding that for 50 degrees F. superheat the steam consumption 
is reduced 7 per cent, (at the rate of 14 per cent, per 100 degrees); 
for 100 degrees 10 per cent; and for 150 degrees 12.5 per cent, 
(at the rate of a little more than 8 per cent, per 100 degrees). 

According to Kruesi of the General Electric Company loc 
degrees F. superheat reduces the steam consumption of Curtis 
turbines 8 per cent., but "the first 50 degrees of superheat is of 
greater value than the second 50 degrees.''* 

When steam at about 150 pounds per square inch gauge 
pressure is superheated 100 degrees F. the total heat of the 
steam is increased about 4.8 per cent, with an additional fuel 
expenditure of approximately 6 per cent, if the boiler equipment 
is good. Now since the steam consumption is reduced from 8 to 
10 per cent, for 100 degrees F. superheat there is obviously a 
saving of from 2 to 4 per cent, in the cost of fuel. 

Experience seems to show that the best economic results will 
be obtained with from 100 to 150 degrees F. superheat for tur- 
bines of the Parsons type, and about 50 degrees superheat for 
Curtis turbines of more than one stage. In all kinds of turbines 
of the single-stage impulse type there is probably always a saving 

* Because curves of steam consumption per kilowatt-hour for varying super- 
heats (like Fig. 126) were apparently straight lines, most turbine engineers, until 
very recently, believed that at high superheats the percentage correction was 
increased instead of being reduced as more recent results show. Since it has 
been fairly well established that the specific heat of superheated steam has very low 
and minimum values at from about 200 to 250 degrees F. superheat, the later 
results seem to be the more reasonable. 
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of from 4 to 5 per cent, in fuel cost per 100 degrees F. superheat 
within the practicable limits of superheating. 

Although there is much yet to be determined concerning 
superheated steam, it has been shown by experience in turbine 
plants that a considerable saving in fuel can be secured by super- 
heating the steam at least a moderate amount. The greater 
saving in turbines of the Parsons type over multi-stage Curtis 
turbines is due to the larger " skin-friction '^ or disk and blade 
rotation losses of the large number of rows of blades in Parsons 
turbines. The curves in Fig. 69 show the very large percentage 
that these losses are reduced when the blades revolve in dry 
steam instead of wet steam. When the admission steam to a 
Parsons turbine is dry saturated the steam in the low-pressure 
stages will probably have nearly 20 per cent, of moisture, while 
if it is superheated 150 to 200 degrees F. the steam in these stages 
^I be nearly dry. 

Finally, the use of a high degree of superheat must depend not 
only on the type of turbine, the load factor, and the size of the 
units but also upon the nature of the service as regards severe 
^d frequent variations in the load, having in mind the difficulties 
which have been encountered in the practical operation of super- 
heaters, steam piping, valves, pumps, and auxiliary machinery. 

Reasons for the Improved Economy in Turbines and Recipro- 
cating Engines Due to Superheated Steam. A gain in steam and 
fuel economy results from the use of superheated steam in either 
turbines or reciprocating engines. In the turbine the gain comes 
principally from the reduced fluid friction of the steam moving 
at a high velocity through passages and blades, some of which 
have also a comparatively high velocity. In a reciprocating 
engine the gain from superheated steam is due to the reduction of 
cylinder condensation, resulting in less loss due to the cooling of 
the cylinder from the reevaporation of moisture at the lower 
pressures near the end of the stroke. On account of this cooling 
of the cylinder ends, the loss due to the ** initial condensation'' 
of the steam admitted on the return stroke is often 40 to 50 per 
cent, of the weight of steam admitted. This loss is partly or 
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entirely prevenied when the steam is superhcaied, depending 
upon the degree of superheat. In a steam liirbine there is a 
similar loss due to condensaiion, but it is due almost entirely to 
the mere expansion of the steam. The walls of the turbine 
cashing remain, however, at a practically uniform temperature, so 
that there is no opportunity for loss through reevaporation of 
condensed steam. 

Steam Pressure Best Suited to Turbines. It is the general 
opinion of practical engineers that probably the most economical 
operating pressure for the usual power-house services is about 
150 pounds per square inch gauge pressure (165 absolute) at the 
throttle valve, and that a greater saving can always be obtained 
by the use of a moderate amount of superheat than by increasing 
the pressure beyond this point. 

Chilton states that there is a gain of z per cent, in steam con- 
sumption from increasing, the steam pressure from 150 to 175 
pounds per square inch * and i per cent, for an increase from 
17s to 200 pounds per square inch. But against the saving in 
fuel due to a reduced steam consumption must be charged the 
increased cost of piping, valves, and boilers, and also the loss due 
lo increased leakage. Increasing ihe steam pressure will also 
increase considerably the cost of the turbine. A "rough and 
ready" correction used a great deal by turbine engineers is one- 
tenth per cent, per pound. 

Speed Variation as it Affects Economy, A steam turbine will 
give its best economy at some particular speed, just as it has been 
found to give its best economy at some definite load. For this 
reason the design of a turbine should be worked out vcr}' carefully 
with velocity diagrams to determine whether at the speed required 
by the operating conditions it will give the best economy. When- 
ever any changes are made in the design of a turbine, the 
manufacturers will always make tests to determine the steam con- 

• The engineers of Ihe Westinghousc and General Elcrlrir companies use 
[iraciirally the same correcd'on for itiitia! pressure. Ii may be ailded thai the 
n for eibaust preMimi (back pressure) of non-iondensing turbines is about 
s large as the correction for initial pressure. 
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sumption at various speeds, and cunes like those shown in Fig. 80 
are calculated and plotted. If it is found that the turbine has a 
lower steam consumption at a slightly different speed from that 
for which it k rated, either the angles of the blades or the pressures 
must be changed. The reasons for such changes are obvious, 
because the blade speed has a xerv definite relation to velocity 
of the steam in the blades. If the designer is not successful in 
securing this relation for the rated speed, there will be impact of 
the steam against the blades and a consequent loss of efficiency. 

The curve of steam consumption in Fig. 80 shows the change 
in economy at various speeds. At 2000 revolutions per minute 
the steam consumption is 19.6 pounds per kilowatt-hour; at 
1800 revolutions (rated speed) it is 19.43 pounds; at 1600 
revolutions, about 19.8 pounds; at 1400 revolutions, about 20.7 
pounds; and at 1000 revolutions, about 24.7 pounds. It will be 
observed in these curves that the ideal conditions have been 
secured in the design of this turbine; that is, the steam consump- 
tion is lowest and the output (load) greatest at the rated speed. 
Within a range of about 50 revolutions above or below the rating 
(a total variation of about 6 per cent.) the steam consumption is 
practically constant. These cur\'es are tj-pical for all good 
designs of steam turbines. 

When a speed test is made of an impulse turbine the best 
results are obtained as regards the accuracy of the design by 
running the turbine with a number of nozzles wide open to give 
approximately full load. The test for each speed can then be 
made of comparatively short duration, as the steam can be weighed 
continuously between the first and last tests without interruption 
when the speed is being changed. With a constant number of 
nozzles discharging steam the rate of flow will be the same at all 
speeds. 

Comparative Economy of Steam Turbines and Reciprocating 
Engines. To summarize the results of tests on a number of 
large steam turbines and reciprocating engines the following 
tables have been prepared. Steam consumption of most of the 
turbine tests was given in the published data in terms of kilowatt- 
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houTa or electrical horsepower-hours. la order to make c( 
parisons with the reciprocating engine it was necessarj" lo reduce 
all to a common standard — brake hoisepower-bour. To express 
all the results in this common slandan) various efhcicncies must 
be assumed. In the calculations the generator efficiencies given 
on page 362 were used lo obtain the following coefficients to 
change the steam consumptions from the rate per kilowatt-h( 
to that per brake horsepower-hour: 



Ruling at Turbim, 
Kilomtu 


Cotflkirnl. 


ioo and 400 

5°° 
1,000 lo 3,000 
3,000 to 10,000 


.68 

■li 



Mechanical efficiency of reciprocating engines of 3000 to 5000 
horsepower is about 91 per cent.; 1000 horsepower, about 90 per 
cent.; and 4c» to 700 horsepower, about 89 per cent. 

In the following tables are given the steam consumptions of a 
large number of steam turbines and some particularly good 
reciprocating engines. A great many of the steam turbine tests 
given are approximately the full load data taken from the tests 
recorded at the end of the preceding chapter, and some others are 
taken from Chapter VI. 

The ratings given in the tables are those for what is generally 
known by eagineers as "full load;" meaning that the turbine 
can carry economically a load at least 50 per cent, larger than 
this rating. This statement is necessary because some manu- 
facturers use a rating based on maximum output. 

Assuming average values of the corrections given ■ above by 
various authorities, an approximate equivalent steam consumption 
has been calculated for each engine at o degrees F. superheat, 
28 inches vacuum, and 165 pounds per square inch absolute 
steam pressure. 
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STEAM CONSUMPTIOX OF Tl'RBIXES. 
Anenon, E - English, F - Frrnch, G - German, S - Swiss and W-P « WcstinRhiiusc- 



TurUoe. 



Cooditiims i4 Tc^4. 



Rated 
Power. 



'e Laval (0).... 
>tUvaJ(A).... 

hnoM^E) 

5.P<A) 

»-PrA) 

ZoeflyfG) 

y-P(A) 

Conii(A) 

CWi(E) 

S?«eta(F) 

p(A)... 

JJn«*(S) 

5»»»Bi(E) 

C«ifc(A)...... 

^*»t(G) 

&ni(A)...... 

p(A).. 

Cwtii(A) 



hp. 

«50 

300 

kw. 
300 
joo 
300 

hp. 
500 

kw. 

500 

500 

500 

500 

1000 

1000 

1200 

1500 

3000 

3000 

5000 

7SOO 
9000 



Super- 
heat, 
Deg.F. 



\acuum 
Inches. 



o 

o 
o 



o 

5 

100 



107 



390 
104 

o 
o 

10 

468 

"S 
ao7 

235 
14a 

96 
116 



Steam 
Pressure 

Uw. 

A1n$. 



r.p.ni. 



St ram {ler Hour 
as jxrr Trst. 



I^>un(i^ 
ix'r kw. 



Demean 
2f>. 4 
a6.6 



36.6 
38.0 
38.0 



3H. 



37.8 
38.0 
36.9 
36.7 
37.0 
3^.0 
38.8 
27. 5 
38.5 
37.0 
38.8 
27.3 

30.6 



100 
114 
306 



i.s8 
160 
168 



JO I 



164 
165 
168 
136 
163 
»70 
178 

»44 
]8i 
»30 
189 

103 
194 



3000 
3600 
j6oo 



Pounds 

I»cr 

l».hp. 



Kqui\'ulcnt 

Steam per 

bJip.-hr. at 

o DeKS. 

Sup., 38 ins. 

Vac, 165 

Lhs. Alw. 

Press.* 



-?3. 15 



3600 
1800 
1800 
2400 
iMoo 



000 
1350 
750 
7«iO 
7 SO 



l«. X. 



15. 10 
io. 5 

31. 2 



21. I>M 

> 5. .^o 

17. 60 
I 5. 02 

14-74 
13. 5i 
15. 15 
1.?. 00 



.39. ft 
17.70 
»5- 17 



15. 70 

1 3. <H> 

12. AH 



»3-3: 



»3. 2« 

10. 71 

14.55 
»5. 05 

13. Oi 
15.80 

11. 00 

13. 67 
10. H2 
lO.tjO 

9.87 
11.03 

U. 1 I 



M.8I 
15.29 



14. 7» 
13.00 
13. 77 



15.84 



13.17 
13. -»o 
14.^)8 

13.25 
13.04 

13.83 
15. 52 
13.48 
13.47 

13. 00 

1 1. 95 
1 1. 95 

13. 00 



Additional data from recent tests of steam turbines are given 
in tables I and II, page 271. 

Combined Steam Engine and Low-pressure Steam Turbine. 
The combination imits of a large AUis engine with Curtis cx- 
liaust steam turbines (see Fig. 18 ic, page 250c), as installed in the 
S9th Street Power Station of the Interborough-Metropolitan 
System in New York, have a rated capacity of 15,000 horsepower 

* Comctkm cnnres in Figs. 87 and 88 were ased to correct the I>e Luval tots fdr .suiK-rluMt and 
VBCinin ftiid the usual correction i>f .1 per cent, improvement in economy jwr ]«mnd increase ot 



For Pinona and Wcatin^icNise-Parsons turbines the following corrections were used: 
Sapcfheat (300^1000 kw.) 10 per ornt.; (1300-7500 kw.) 8 per a'nt. per 100 degrees F. 
Vacuum (300-1000 kw.) 4 per cent.; (1300-7500 kw.) 3 iier cent, per inch. 
Presmre .1 per oent. per pound, 
and the UAkming tor Curtis, Rateau, and Zoelly turbines: 
Superheat, S per cent, per 100 degrees F. 

Vaconm (a6-48 ins.) 7 per cent.; (28-29.5 ins.) 8 per cent, iwr inch. 
PiCMiire •! per cent, per pound. 

t Referred to 30 Indies barometer. 
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and give a steam consumption of i3-i() pounds per kilowatt- 
hour (about S.74 pounds per i.h.p.-hour) with steam suppUed 
to the engine initially dry saturated (no superheat), 194 pounds 
per square inch absolute pressure and exhausting from the 
turbine at 28.8 inches vacuum, referred to 30 inches barometer. 
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Effect of Superheat, Vacuum, and Admission Pressure on tiie 
Economy of Reciprocating Engines. According to Professor 
Schroeter * the steam consumption of reciprocating steam 
engines is reduced about 6 per cent, for 50 degrees F. and about 
9 per cent, for 100 degrees F. of superheat. Parsons t has 
shown that in a triple-expansion engine the steam consumption 
can be rcducc<i only .4 per cent, per inch with an increase of 

" Storm Bull., Jmtrnal of IVe.tteni Socifly of Eiiginrers, December, 1903. 
t Prof. Iiisl. "f Xmiil Arrliilrrli. .\pril, 1Q08; ifcchanical Enpnter, May i, 1908, 
and Dif Turbine. Jul)-, 100;. 

X Probalily World's rcojrds for sleatn engines. 
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cuum between the limits of 25 and 28 inches, and at a still 
igher vacuum there is practically no gain at all. Increased 
litial steam pressure reduces the steam consumption of recip- 
ocating engines .1 to .2 per cent, per ix)und per square inch. 
A comparison of the two tables shows that in large capacities 
steam turbines will give, for the same standard conditions, 
better economy than reciprocating engines.* It is shown that 
for sizes from 3000 to 9000 kilowatts the steam consumption of 
turbines is about 12 pounds per brake horsepower- hour at the 
assumed standard conditions of o degrees superheat, 28 inches 
vacuum, and 165 pounds per square inch absolute pressure; and 
that, operating at the same conditions, the steam consumption 
of the best designs of reciprocating engines is about 13 pounds. 
Economy of Small Reciprocating Engines and Turbines. 
Nearly all small high-speed reciprocating engines rapidly deteri- 
orate in economy, primarily because the valve leakage becomes 
excessive. Although an engine of this kind will meet the guar- 
antees of steam consumption in a shop test, it has been shown 
that very soon they require a much larger amount of steam.f 
Tests of seven high-speed engines of various types rated at 100 
to 200 horsepower conducted! by Dean and Wood in 1907 show 
that the steam consumption of such engines after a comparatively 
short duration of ser\'ice was found to vary from 49.4 to 60.5 
pounds per kilowatt-hour at full load. These rales are very hiji;h 
^hen compared with the economy of small Dc Laval and Curtis 
turbines as given in Figs. 89 and 128. Parsons stated in i()04 
that the full-load steam consumption of turbine-generators of his 
design imder the conditions of 100 degrees F. superheat, 27 inches 
vacuum, and 155 pounds per square inch absolute steam pres- 
sure was approximately 25 pounds per kilowatt-hour for one of 
ICO kilowatts capacity, while that of the 200 and 300 kilowatt sizes 

* It must not, however, be overlooke<i that these standard comlitions were 
selected in the first place for comparing the economy of steam turbines. It hapi^ons 
that the vacuum is taken a little higher than is usual in the operation of rc( ipnx at- 
iqg engines. 

t "Economy Tests of High Speed Engines," by F. W. Dean and A. C. Wood, 
ffoe, American Soc. Mech. Engineers y June, 1908. 
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was respectively 22 and 20 pounds. He stated that the equiva- 
lent results with dry saturated steam and 28 inches vacuum 
would be about ten per cent, larger.* 

It has been shown by repeated tests that the steam consump- 
tion of these turbines is not materially increased when operated 
continuously for long periods. Weithammer f states that he 
made tests of a De Laval turbine-generator when new and after 
five years of service, and calculated the deterioration in economy 
to be not more than two per cent. ; and this lower efficiency was 
probably largely due to wear of the reduction gears. It would 
^appear that the deterioration of Curtis turbines should be even 
less because of less erosion from steam at very high velocities 
und the absence of the reduction gears. It is stated that there 
are cases where De Laval blades have been so much worn as to 
require replacing in a ycar.f Such an experience is, however, 
unusual. 

POWER PLANT ECONOMICS. 

The following tabic prepared by Mr. H. G. Stott of New York 
is interesting in many of its items. Actual data were used to 
determine the values under the heads of "Maintenance" and 
** Operation.'' The first column is for a plant with compound 
condensing reciprocating engines operating without superheat, 
and in all cases the values have been suitably corrected to make 
the other columns directly comparable with the first. 

Mr. Stott advocates the use of an exhaust steam turbine to be 
operated by the exhaust steam from reciprocating engines. By 
increasing the pressure of the steam supplied a moderate amount 
as well as superheating it the output of a power plant of the type 
represented by the first column in the table can be doubled at a 
comparatively small cost for turbines and boilers. 

* Trans. Inst, of Electrical Engineers y May, 1904. 

t Die Dampfturhinen, page 104. 

t Lea and Meden, Transactions A merican Soc. Mechanical Engineers, Vol. 25. 
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DISTRIBUTION OP MAINTENANCE AND OPERATION. 
(Charges per Kilowatt- Hour.) 



Maintenance. 

1. Engine room, mechanical. . . . 

2. Boiler room or producer room 

3. Coal and ash handling appa- 

ratus 

4. Electrical apparatus 

Operation. 

5. Coal and ash handling labor. . 

6. Removal of ashes 

7. Dock rental 

8. Boiler room, labor 

9. Boiler room, oil, waste, etc. . . 

10. Coal 

11. Water 

12. Engine room, "mechanical" 

labor 

13. Lubrication 

14. Waste, etc 

15. "Electric" labor 

Relative cost of. maintenance and 

operation 

Relative investment in per cent. . . . 



Recipro- 
cating 
Engines. 



2-57 
4.61 

0.58 
1. 12 

2.26 
1.06 
0.74 

715 
0.17 

61 . 30 

7.14 

6.71 

1.77 
0.30 

2.52 

100.00 
100.00 





Recipro- 




Steam 


cating 
Engines 


Gas 


Turbines. 


and 

Steam 

Turbines. 


Engine 
Plant. 


0-51 


1-54 


2.57 


4- 30 


3.25 


1. 15 


0.54 


0.44 


0.29 


I. 12 


1 . 12 


I. 12 


2. II 


1.74 


I-I3 


0.94 


0.80 


0-53 


0.74 


0.74 


0.74 


6.68 


5 46 


1.70 


0.17 


0.17 


0.17 


57-30 


46.87 


26.31 


7.10 


5.46 


3-57 


1-35 


4-03 


6.71 


0-35 


1. 01 


1-77 


0.30 


0.30 


0.30 


2-52 


2-52 


2.52 


86.03 


75-72 


50.67 


82.50 


77.00 


100.00 



Gas 
Engines 

and 

Steam 

Turbines. 



1-54 
1-95 

0.29 
1. 12 

I -13 

0-53 
0.74 

0.17 

2577 
2.14 

4.03 
1.06 
0.30 
2.52 

46.32 
91.20 



That the steam turbine plant has an inherent economy of 20 
per cent, better than the best tjrpe of reciprocating engine installa- 
tion IS shown by a comparison of the first and second columns. 

Prices of Steam Turbines. Fig. 206 shows by means of curves 
the price per kilowatt of the normal full load rating of turbine- 
generators operating condensing. The prices given are the 
averages of those given by a number of manufacturers at a time 
when the cost of foundry pig iron was about $20 per ton. It is 
estimated that the values given by the curves will be changed 
roughly about 2 per cent, for a variation of $1 in the price of 
foundry pig iron. 

Unless some such standard of values is given such results can 
be of little value a very short time after the curves are prepared. 
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densing maduncs. Prices of 25-cyde and 60-cyde genmlon ■ 
are usuaDy about ihc same. Prices do not include charges for 1 
freight and erection, which in the eastem and middle westem ■ 
states are about Si to S1.50 per kOowatt. 1 
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Mr. W. C. Gottshall, who has very carefully investigated power 
plant economics, has collected the data on the following p^e, 
published in 1903, regarding the probable maxim tun and mini- 
miim costs per rated kilowatt installed of a power plant equip- 
ment of about 10,000 kilowatts capacity.* 

High-grade power stations of from 5000 to 10,000 kilowatts 
capacity with thoroughly modem equipments cost usually from 
$100 to $125 per kilowatt. In a few very large stations with 
high-grade eqtiipment the cost has been about $60 per kilowatt 
installed; but for stations imder 10,000 kilowatts' capacity the 
cost is rarely below $90 per kilowatt. 

A building of modern factory type of construction (one story 
— steel and glass) costs about $1 per square foot of floor space. 
• GotLshall, Slreel Railway Economics. 
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COST OF A STEAM POWER HOUSE AND EQUIPMENT. 



Boilers and settings 

Stokers 

Economizers 

Coal conveyors and bunkers 

Ash conveyor 

Piping and covering 

Feed-water heater 

Feed pumps 

Engines or turbines* 

Generators 

Condensers including pumpst 

Switchboard 

Power-house cables and conduits 

Inddentals (as concrete floor and traveling crane) . . 

Foundations for machinerv| 

Buildings ' 

Chhnneys and flues 

Total cost including 10 per cent, for engineer 
ing supervision and contingencies (nearly) . . 



Costs p)er Rated Kilowatt 
Installed. 



Maximum. 


Minimum. 


S17.00 


Sg.oo 


3.00 


2.50 


4.50 


2.50 


6.00 


2.00 


150 


1. 00 


12.00 


4.00 


2.00 


1 .00 


1.00 


1. 00 


32.00 


20.00 


21.CXJ 


iS.oo 


lO.CXJ 


2.00 


4.00 


150 


6.00 


3.00 


3.00 


2.00 


3-50 


•50 


15.00 


8.00 


2.00 


1. 00 



$158.00 j $87.00 



* Thu item is about ri^t for reciprocating engines and turbines in 1Q03, when these data were pub- 
^^^' Fig. ao6 sliafvra, however, that the minimum cost for this item is about the same as the present 
cot of fint<iaflB tufbfaMi and cenentors. 

I The cost of oQodenaers is not included in Gottshall's data. Prices given here are those given 
^ J- R. Bibbins (JUperi American St. Ry. Assn., IQ04) for a plant operating at ^6 inches vacuum. 
ac estinttes that the cost of a idant for 28 inches vacuum is 60 per cent, greater. Bibbin.s' values 
Btty be tabulated as ioUows: 

Cost of Condensing Plant pkr Rated Kilowatt. 



^vmetric candeoser 

Sarfue condenser (includin(( centrifugal lift 
pump, air cooler, singfe-cyliiider dry vacuum 
ptnnp^ and centrifugal circulating pump;.. . . 

Sunue condenser (including wet vacuum pump 
sod centrifcigal circulating pump) 

Ejector condenser 



3(i 



$6 to $7 .50 



$7.50 to $10 
$7.50 to $10 

%2 to $2.50 



Inches Vacuum. 



.fS 



20 



$0.50 to $12 



$12 to $16 
$12 to $16 

$3 to ^ 



$12 to $15 



$15 to $20 

$15 to $30 

$4 to $5 



t Engine and generator foundations cost from $1.00 to $3.50 per kilowatt capiicity. Foundations 
for turbine-generators cost as a rule about one-fourth as much, usually 30 to 40 cents per kilowatt 
cqjsdty on fairly good sub-soil. 
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Ilanized costs of the sjoo-kSowztt power pUni of the Foit 
Wayne and Wabad XaOty Raihny Conpany at Fort ffajne, 
Ind., are pvai by Bibtxas s^ follows: 

SubslalioD appaniti: toA Imildtn^ are, of coucse, out 
included. Dtawing. md a pitotogRph erf this station are shown 
in Fi^ 199 and 3oc 

The double-deck uraogemeni and the instaUatioo of baro- 
metric condenseis designed Cor a modeiate vacuum make tb' 
first cost oi tbis station veiy low. 



ker, smoke Odc. o .^ fc j wi pit. cjd stunp gik, etc 

B(>lcr pUni Indw'-: superinJiteT^ sI<Aen. pipu^. 



GcncntiDg phot: I t-'. ecnmtan,rKttcn.nblrs, 

■witchbcartl^ tnu ' i^ndlAting fliKt^,. . - - ^. 

CoDdenscr plant: I Wn^rs. pucnp*. [■I^ngi:, fire 

Cool bandlinf; plant: Inrluding ganMicc cnne, cimbcr rkNois, 

Erection, supFrinlendrmc, and d^UKcriiig , 

Total, excluding pnipertr and siding 66. 95 

The costs are based upon the following assumptions: 

Per Cent, 



(a) Bond inlerest and laws 

(b> Sinking fund, equivalent to 6.43 per rent, depreciat 
If) Total fixed charges on capita] cost 



Depreciation determined by summing the depreciation on the 
several parts of the plant as follows: building, 3 per cent,; 
boiler plant and coal-handling apparatus, to per cent.; condens- 
ing plant, 6 per cent.; generating plant, 7.5 per cent.; general 
average, 6.43 per cent. 

In calculating the cost of an electric power plant it is necessary 
to consider the probable life of the plant, so as to make correct 
yearly reductions for depreciation. Often this is more or less 
of guess-work on the part of the constructor or owner, and for 



STEAM TURBINE ECONOMICS 



295 



this reason the following table from a recent issue of Zeitschrift 
des Vereines deutscher Ingenieure is interesting. The figures 
given are those used by two English public corporations, two 
English engineers, and a series of figures taken from (German 
technical publications. Conditions in America are somewhat 
different from those of Europe and the depreciation is usually 
somewhat greater. 

ESTIMATED YEARS OF LIFE. 



Buildings 

Boilers 

Steam engines 

Steam turbines 

Gas engines 

Water turbines 

Dynamos 

Storage batteries 

Transformers 

Switchboards 

Electric cables (conductont) 

Electric meters 

Arc lights 



Authorit 



V. 



Local 
Govt 
Board. 



L. Can by Rolvrt 
Council. IHammonM. 



J. F. C. 

Sncll. 



(xcrman 
Publi- 
cation^. 



30 
15-25 



20 

5-7 

^5 

15 
12-15 

5 
7-10 



50 
20 

20 



20 
20-25 



20 
20 
20 
20 
I 2-50 
10 



25 

15 

15 
20 

10 
10 



20 

25 



25 

10 

20 

20-25 

15-60 

»5 
15 



15 
20 

20 

17 
22 

20-22 

10 

15 



Comparisons have been made by L. G. French of the cost 
of two sizes of turbine-generators with corresponding recipro- 
cating engine costs. He states that the cost of a 750-kilowatt 
turbine-generator with a surface condenser (operating vacuum 
not given) and including foundations and installation charges 
was $37 per kilowatt. A similar reciprocating engine plant cost 
S40 per kilowatt. A 1500-kilowalt turbine-generator with a similar 
condenser equipment cost S30.20 per kilowatt, including founda- 
tions and installation, while a reciprocating engine ecjuipped 
similarly cost $32.40 per kilowatt. 

• Orrok of the X. Y. Tklison Co. states that the romi)any has had 40 small 
steam turbines of the impulse tyix: in service for five >'ears with practiially m» 
expense for repairs. 
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It is generally bdieved by engiDcers who have done rccat I 
work in the equipment of Urge new steam power ^tattoDS Ihatil I 
is not very probaUe th^ Urge ri^ciprocaling engines will cvt 
be installed to de\'dop power tor electrical dbtribution. One 1 
reason is that turbine-driven aliemalors are paiticularly adapt- 
able for parallel operation. The low fii^t cost and operallng I 
expenses of turbine-generator units as well as the saving in llie 1 
cost of foimdations and rloor ^pace are also ver}' impoitanl I 
considerations. A manu!\ii.r.:rer of very large sizes of bolb I 
steam turbines and reciprutating engines has slated that alarge I 
power statitm if equipped with rt-eiprocaiing engines instead of I 
steam turbines would cost at Iea>t from 35 to 60 per cent, more 
than a turbine station of the satne capacity. 

The following interesting tests of the power required to operate 
the auzilijiry machinery * needed for a Curtis turbine 
reported by the Turbine Committee of the National Electric 
Light Association in 1905. The data apply to the auxiliaries oi 

♦ " Tlie quantity of circulating ivaler (cjuirccl (Oi high-vacuum condensi^ 
plants must be increased from itit old slari'iard of from 35 10 jo pounds to from ^i^ 
(o 60 pounds of water per pound of sleam condensed for moderate temperaluitSi 
and from 60 10 loo pounds of water per pound of sleam when used at the higher 

quanlily of circulating water the bulk of the power reijuired by auxiliaries is due to 
(he circulating pump. The range of power for this purpose varies so widely that 
the older method of a&suming a given type of plant requiring 5, 10, or 15 per cent, 
of the total steam consumption to drive auxiliaries is entirely in error without an 
accompanying statement defining conditions under which circulating water is 
pumped. The power to drive the air pump is dependent somewhat upon the 
vacuum, but particularly upon (he air leakage into the condensing system. It was 
tor some lime assumed that the work of the air pump corresponded to removing 
the air which entered the boiler in solution in (eed-waier. As a matter of fact, 
handling the air in solution is ihe smallest portion of work done by an air pump, the 
leakage through piping, pipe joinla, pores of castings, stuffirig-ljoxes, etc., imposing 
the greatest duty, the total quantity of air to be handled ranging from ten or lifteen 
to thirty or forty times the air dissolved in ordinary water. The actual power to 
drive Ihe air pump should in good practice be less ihan .oootS indicated horsepower 
in the air pump cylinder per pound of exhaust steam per hour. As the amount of 
power necessary to drive the air pump is a comparatively small portion of ilie total 
power for auxiliaries a slight error in this quantity will not largely affect the final 
result." — C. C. Moore, Journal of Eitctricily, PtyiL-er, and Gas, March, 1905. 
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One of the 5000-kilowatt turbine-generators of the Boston Edison 
Company. 



> 



Kilowatts on turbine 

Vacuum .* 

Barometer 

Bcaler feed pump 

Ciiculating pump 

I^iy vacuum pump 

Step bearing pump 

Wet vacuum pump 

Totals 

I^er cent, power of auxiliaries to power 

of turbine 

I^er cent, water used by auxiliaries to 

that used by turbine 




Test 3. 



4758. 
28.6 

29.96 



27.4 
69.1 
23.8 

9.8 



135-7 
2. r 



PRACTICAL DESIGNING OF POWER STATIONS. 



Fields for Steam Turbines and for Reciprocating Engines. 
Some space will be given here to the economic considerations 
entering into the design of a modem power station intended for 
electric distribution of power. There can be no doubt as to the 
status of the steam turbine in comparison with reciprocating 
engines for the generation of electrical energy. Practically all 
the recently designed power stations for electric services are 
equipped with steam turbine-generators, and in some of the 
older stations built originally for engine-driven units it is not 
unusual to see turbines installed to increase the capacity.* 
There is a marked contrast between a power station equipped 
with reciprocating engines and one that is turbine-driven. The 
large and heavy frames, ponderous moving parts, and the 
large generators of reciprocating engine plants cannot be made 
to compete successfully with the smaller, more compact, and 
cheaper turbine units. But, on the other hand, reciprocating 

* W. C. I^. Egiin, Report Xafional Electric Lii^ht Association, 1906. 
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engines similar to the Corliss type have a field which £or a num- 
ber of years probably, the sieam turbine cannot enter success- 
fully. For irrcgularloads, suddenly applied, like those of rolling 




Fic. 195. Comparaiii-e Floor Spaie Hrquired 



mills and mine hoists the reciprocating engine has advantages 
over the steam turbine, except perhaps when the turbine is used 
in connection with an electric drive. Because reciprocating 
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water pumps and air compressors are more efficient, at least up 
to the present time, than centrifugal pumps and compressors, 
reciprocating engines are invariably installed in waterworks and 
compressing plants. In cotton and woolen mills and shops, 
where the power is transmitted by belts, shafting, and ropes 
instead of by electrical methods, the reciprocating engine because 
of its slower speed is generally preferable. 

Stated in a few words, the steam turbine is unrivaled by steam 
reciprocating engines for driving apparatus which can be operated 
efficiently at a high speed so that a direct-connected unit can be 
made. 

Parallel operation of alternators is greatly facilitated when they 
are driven by turbines rather than by reciprocating engines. There 
are always difficulties when reciprocating motion is to be con- 
verted into s)aichronous motion. Besides the advantages of a 
uniform turning moment which makes possible such close speed 
regulation that it is possible to operate railway, power, and 
lighting circuits from one turbine, because of its high speed it 
produces a more powerful regulating force without the use of a 
fly-wheel than that of any engine-driven units of the same capacity. 
Where a steam turbine is installed in a plant with piston engines 
or water-wheels its inertia or fly-wheel effect has a steadying 
effect on the whole system. As an example of this Inertia effect 
it is stated * that a 3500-kilowatt Curtis turbine and generator 
has at the rated speed (750 r.p.m.) a *' storage energy '* of 
30,600,000 foot-pounds which is sufficient to enable the machine 
to carry at any load an additional load equal to the full rating 
for about .75 of a second with a drop in speed of only 3 
per cent, and without additional steam. This machine could 
carry a momentary increase of load of half the rating for 1.5 
seconds. 

Floor Space for Power Plants. " Compactness '' expresses well 
the primary requisite for the economical design of modem power 
stations. The small space occupied by a Curtis steam turbine 
compared with that required for a reciprocating (Corliss) engine 

♦ A. H. Kniesi, Proc. American Street and Interurhan Railway Association^ 1907. 
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of the same capacity is well shown by F^. igs. Floor spice 
occupied by Westinghouse turbinc-gencratoi-s is given by the 
cun-es in Fig. 196, showing the number of square feet occupied 
per kilowatt or per brake horsepower. Comparisons of the 
space required for power units are of little value, however, unltss 
the space for the condensing apparatus and au.<ciliar>' machinery 
is also considered. It is probably fair to assume that for the 
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conditions where a reciprocating engine would be operated at 36 
inches vacuum condensers for a turbine plant would be designed 
for 28 inches vacuum. Now the volume of steam at 26 inches 
vacuum is very nearly half that at 28 inches. When surface 
condensers are used, therefore, the very great increase in the size 
of ihe condenser equipment for turbine plants is very obvious. 
For this reason there has been a tendency in recent years to 
install barometric or the open type of jet condenser for steam 
turbines. 

A very recent installation of Westinghouse-Parsons turbines, 
barometric condensers, and Stirling boilers is illustrated i" 
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Fig. 197.* The important features of this design are the placing 
of the turbines above the boilers and condensers, the use of 

• J. R. Bibbins, Tiam. Am. Insl. FJkI. Eng., 1908. 
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barometric condensers, and the low total cost of power house and 
equipment. It is probably one of the most compact arrange- 
ments possible in a steam turbine plant consistent with high 
economy in operation. 

In this ''double-deck" design the horizontal turbine and 
barometric condensers are at their best advantage as regards 
compactness and efficiency.* The connections between the 
turbines and the condensers are short and direct, which obviates 
the losses occurring where there are bends in these connections, 
and the cost of large exhaust piping is saved. The atmospheric 
relief valve of the turbine is placed between the floor girders, so 
that it was possible to make the distance between the floor level 
and the condenser head only 2.5 feet. For stations not at tide- 
water, turbine plants are usually operated at a moderate vacuum 
of between 27 and 28 inches. Barometric condensers are now 
being made to maintain this vacuum without the use of auxiliary 
dry-air pumps. 

With surface condensers by far the most compact arrangement 
is obtained by installing Curtis vertical turbines with a condenser 
base. By this arrangement a very direct connection between 
the turbine and the condenser is secured; but in places where 
there is likely to be trouble with leaky tubes most engineers will 
prefer a condenser separate from the turbine. 

Drawings showing the cross-section and plan of a design for 
horizontal turbines, Babcock & Wilcox boilers, and barometric 
condensers are shown in Fig. 199. An exterior view of the 
same station showing the coal-handling equipment is illustrated 
by Fig. 200. 

Plan and elevation of a power station with the turbines and 
boilers on approximately the same floor level are represented by 
the drawings in Figs. 201 and 202. The first of these figures is 
particularly interesting because it shows very clearly the arrange- 

* A similar "double-deck" arrangement has been proposed for power plants 
operated by horizontal gas engines and producers. In such a design, where pro- 
ducers, scrubbers, and all auxiliaries are placed on the second floor, it has been 
shown that the ground-floor area was only 2.25 square feet per kilowatt. 
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Fm, 199. Longitudinal and Trana\-erse Sections of Power Station. 
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menl of the auxiliaries in stations equipped with surface con- 
densers. Fig. ao3 is intended to show particularly the piping 
arrangements for a typical power station having the turbines 

and auxiliary equipment in a room adjoining the boiler room. 
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A perfect oiling system is obviously a necessity for any 
machiner)' operating at a high speed. The efficiency of turbint-s 
of the Parsons type depends largely on the smallness of the radial 
clearances between the rotor and the casing. Now if there is 
any displacement of the rotor with respect to the casing, caused, 
for example, by the melting of the white metal in one of the main 
bearings, the blading might be entirely torn or "stripped." and 
the turbine would probably be out of ser\'ice for several weeks. 
In Curtis turbines with vertical shafts, on the other hand, very 
lus results might occur if the flow of oil to the step bearing 
luld be interrupted. 
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There are two usual methods of lubrication for steam turbines: 
(i) the central system and (2) the single unit system. 

In the case of the central system an oil tank is placed at a high 
point in the building and the oil flows through pipes by gravity- 
to the bearings of the turbine. By means of a "parallel" system 
of piping any number of turbines can be supplied from one oil 
tank. The oil leaving the bearings flows into a suitable filtering 
apparatus provided with cooling coils from which it is pumped 
back to the main supply tank. The chief objection to this system 
is the danger of a total shut-down of the oiling system caused by 
a poor joint or a broken pipe between the supply tank and the 
turbine bearings. 

The alternate system, in which each turbine has its ONvn oil 
supply and pump, has the advantage in that it assists in reducing 
the risk of a total shut-down of the plant to a minimum, and if 
the oil is spoiled in one turbine, due to being mixed with water 
or being overheated, the entire supply of the station is not 
ruined. 

Until recently nearly all manufacturers of Parsons turbines 
supplied their machines with plunger reciprocating oil pumps. 
In this respect an innovation has been introduced in Westing- 
house turbines by the use of a rotary oil pump shown in Fig. 204. 
In the drawings shown here there are two sectional views of the 
pump. A worm gear on the turbine shaft transmits power to 
the pump by means of the gear wheel 10. The direction of 
rotation of the shaft and of the flow of oil is shown bv arrows in 
the sections. The pump cylinder and its rotor are not con- 
centric, and metal strips, backed by springs, are inserted into 
slots in the rotor. These strips are forced out by the springs to 
touch the inside of the pump cylinder in every position, so as to 
form pockets into which the oil enters on one side and is dis- 
charged from the other side. Similar^ rotary pumps are very 
generally used for all kinds of engineering services. 

A suitable oiling system for a Curtis turbine (including th^ 
step bearing) is well illustrated diagrammatically by Fig. 20$ • 
A large storage tank, shown at the right-hand side of the figur^^ 
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Ktted with suitable straining devices and a cooling coil. It is 
lally located low enough to receive oil by gravity from all 
rts requiring lubrication. Oil from this tank flows to a pump 
m which it b discharged at a pressure about 35 per cent, 
e^er than that required to sustam the weight of the shaft and 
leds on the step bearing. A baffler in the fonn of an adjustable 




Weslinghouse Oil Pump. 



ral inserted in the pipe leading to the step bearing serves to 
ulate the oil supply. Another line of piping is provided for 
ng the upper parts of the turbine.* This line of piping is 
•vided with a reducing valve and an air chamber partly filled 
h compressed air to maintain a constant pressure necessary 
the hydraulic motor operating the valve mechanism. Drain 

Oil pressure on the upper bearings is about 60 pounds per squate inch. 




Fic. loj. Oiling System for a Curtis TurKne, 
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pipes from the upper bearings and from the hydraulic motor dis- 
charge into a common receiver in which the streams are visible, 
so that the oil distribution can be always observed. 

At some point in the high-pressure system adjacent to the pump 
a device is usually installed to equalize the discharge of oil from 
the pump. Ordinarily Curtis turbines are provided with a small 
spring accumulator for this purpose, except for cases where 
weighted storage accumulators are to be installed. A storage 
accumulator is usually recommended for large power stations. 
It can be arranged so that it will normally remain full, but will 
discharge if the pressure fails, and start automatically auxiliary 
pumps. 

Piping for Superheated Steam. Much of the trouble resulting 
from the use of superheated steam is due not so much to want of 
strength as to the want of elasticity in the parts affected. These 
troubles are due particularly to the unceasing variations in 
temperature resulting from fluctuating loads rather than from 
high temperatures. As it is possible for water to exist in the 
liquid state in superheated steam, the variations in temperature 
may produce a spraying of highly heated surfaces, which greatly 
increases these difficulties. Changes in the design of pipe 
fittings, valves, boilers, and superheaters should be made to allow 
for this abnormal condition. It is desirable to use annealed steel 
castings in place of cast-iron for fittings and valve casings, and 
the use of copper for internal parts of valves and gaskets should 
be avoided. Low velocities in steam piping, which have become 
customarir on account of the pulsating flow of reciprocating 
steam engines, are not suitabhe for superheated steam. Since 
flexibility is so important a consideration in piping for super- 
heated steam, it is necessary to use comparatively small sizes of 
pipes and fittings. 

In Curtis turbines, Kruesi states, a velocity of at least 140 feet 
per second (about 8500 feet per minute) is desirable for dry sat- 
urated steam. Now if the steam is superheated 100 degrees F. 
the volume is increased 15 per cent., but "the velocity in the 
pipes will be substantially the same on account of the reduction 
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m the steam cmsumpiioo of the tuibine. " Allhcnigh Ihij 
stalctnent is not quite Accurate because the steam consumplioD oC 
Cmtis torbines is usually reduced ooly 8 to lo per cent, per it» 
degre«s F. superfieai, it ^ an imfmrtaut observation that the si« 
of {Mping should not be incicaaed in proportion to the increase in 
Tofauue of the steam due to supetbeating. 



CHAPTER XV. 

STRESSES IN RINGS, DRUMS, AND DISKS. 

Design of a Bucket Band or Ring. A ring or band is one of the 
simplest means of fastening together a number of separate pieces 
attached like the blades of a turbine wheel to the circumference 
of a cylindrical surface. Such bands are always made a little 
wider than the blades, especially at the side where the steam 
enters, so that the edges of the blades may not be easily damaged 
m transportation and from insufficient axial clearances when the 
turbine is operated. 

These bands are very serviceable in taking care of loose buckets 
which otherwise would be troublesome. The band serves to 
bind the blades together as a whole, making the blades with weak 
attachments to the wheel as good as the strongest. The band 
assists in making a row of blades of uniform strength.* 

The design of such a ring revolving at high speeds should be 
determined by careful calculations; but the theorj'' underlying 
the design of such a ring serves also for the design of turbine 
drums and disks. 

Centrifugal forces more than any other considerations deter- 
mine the design of a blade ring or band for strength. These 
forces produce, of course, tension and a resulting expansion of the 
ring — both of significant importance. 

The centrifugal force (CF) in any sector (W pounds) of a 

♦ In a Parsons type it cannot be assumed, however, that because the blades can 
be made stiffer by the use of a band or shroud ring it is possible to reduce radial 
clearances below the normal amount and at the same time reduce leakage around 
the blades. There is reason for believing that radial clearances should be increased 
for satisfactory operation when the " band " construction is used unless the relative 
ezpansion of the metals in the ring, blades, drum, and casing is very carefully 
adjusted. 

3^3 
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freely rotating ring of radius r inches, velocity V feet per second, 
with an angle d subtended by the sector, is 

(28) 



CF = 



r 




CF 



where g is the acceleration due to gravity. 

This centrifugal force tending to expand the ring by increasing 
its circumferential dimensions 
sets up stresses which, for 
the purposes of calculation, 
may be represented by tan- 
gential forces at the ends of 
the sector. These forces are 
necessarily equal for equilib- 
rium and are shown as T and 
T in Fig. 208. If the breadth 
of the sector is represented 
by m inches and the radial 
thickness by n inches, then 
the area of the section over 
which this stress is distributed 
is mn square inches; and if 
S is the unit tensile stress in pounds per square inch, each tan- 
gential force is expressed by 

T = mnS. 

This force T on the section is tangential, and since the radial 
centrifugal force (CF) must be equilibrated by an equivalent 
radial force T^ * or for equilibrium 

CF = T^ t> 



Q 




9\ 



Fig. 208. Forces in the Blade Band 
or Shroud Ring. 



= mnS^ 



g 



12 



♦ This relation is obvious from the geometry of the figure. It is, of course^ 
not quite accurate, but very nearly correct for small values of 0, 

t It cannot be assumed that at the moment of rupture the stress will be dis- 
tributed between the two sections. The assumption made in the equations is, 
however, very much on the safe side. 
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Now if z is the weight in pounds of a cubic inch of the material 
of the ring, the length of the sector (Fig. 208) is tO inches; then 

W = innr^z, 
mnr^zV 



= mnS^f 



r 

^72 



S = —^ . (29) 

This equation shows that the unit stress in a blade ring or band 
depends only on the weight of the material and on the peripheral 
velocity. The last equation can also be expressed in another 
form, remembering that 

-- ^ 3.1416 dN 
60 X 12 

where d is the diameter in inches to the central line of the ring 
and N is the number of revolutions per minute. Then if we 
make the approximation of tt^ = 10, we have 

S = ^^^ 



g X 4320 



^ zdW , , 

S = (30) 

139,100 

Equations (29) and (30) are generally used for the design of 
shroudings and overhanging rims. When such rings are per- 
forated with small holes for the riveting of blades, bending and 
shear are produced. The stresses due to this bending and 
shear are, however, small and do not in practical cases often 
exceed 400 pounds per square inch. 

Sometimes rings called "segments" (Fig. 115) are put on the 
edge of wheel disks and the blades are attached to them. In a 
construction of this kind the ring must not only restrain the cen- 
trifugal force due to its own weight, but also part of that from 
the weight of the blades if they are not tightly fitted. 
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If the following symbols are assumed: 

r^ = radius to center line of blades, in inches, 
do = diameter to center line of blades, in inches, 
w = weight of blades in pounds per foot of length of the 
circumference measured to the center line of the 
blade ring, 
tO = length of a short segment of the blade ring to be calcu- 
lated, in inches, 
Vo = peripheral velocity of blades, in feet per second, 
Wo = weight of the blades, in pounds, of a segment rJS inches 

long or — ^ pounds, 

then the centrifugal force at the blade ring due to the weight of 
the blades alone is 

r W,Vo^ wr.^o^ wgVo^ 

V/Q — — — 

g la gf« g 

* 12 

Then if T^ is the tangential force in the blade ring due to the 
weight of the blades, and Sq is the corresponding unit tensile 
stress in pounds per square inch, 

Co = To(9 = mnSo^ and 

^^^ = mnSo^, 
g 

bo = — ^> 

gmn 
or 

»^o — — ;; — — TT"^ ^ — 7T — » (3^ ) 

5 1 8,400 gmn 5 1 ,840 gmn i ,669,200 mn 

then the total stress S/ due to the weight of the ring and of the 

blades is 

zdW . wdoW 

Of = 1 — f 

139,100 1,669,200 mn 

IP I ., wd 



S, =-T^^^ fl2Zd^ +^- (32) 

1,669,200 V mn / 
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If a blade band or shroud is made in a solid ring and is shrunk 
on the outside of the blades, as is sometimes the case, then the 
elongation of the ring due to the centrifugal stresses must be 
allowed for. In other words, the ring must be made small 
enough so that there will be a tight fit at the highest speed that 
will ever be attained.* 

Design of Drums for the Rotors of Reaction Turbines. The 
blades of steam turbines are, as a rule, fastened to a cylindrical 
drum or to one or more disks. The drum construction is used 
where there is a large number of stages with a small drop of 
pressure between the successive stages and usually comparatively 
low peripheral speeds. Thus the rotor of a Parsons type is 
made up of a number of drums of different diameters, increasing 
in size toward the low-pressure end. The drum diameters are 
determined by the blade speed which is selected by the designer 
to give approximately the best efficiency for the velocity of the 
steam in the stages of each section of the rotor. 

Calculations to determine the thickness of a section of the drum 
are the same in principle as for a blade ring as explained in the 
preceding paragraphs. 

The thickness of the drum shell is most simply determined by 
making calculations in the following order: 

(i) Calculate the stress in the cylindrical shell of the drum 
due to its own weight by equation (30). This stress can be 
determined immediately because it is independent of all dimen- 
sions of the drum except the diameter of the shell at its center 
line. It is assumed, of course, that before the thickness of the 

* If 5 = elongation per inch of length, 

S = the unit stress lbs. per sq. inch in the ring at the maximum speed 

attained, 
E = modulus of elasticity in lbs. per sq. inch, 

then J = -=, and the total elongation of circumference is — =:- inches. 
E E 

This means then that the circumference of the ring must be made — ^r— inches 

smaller than if not subjected to centrifugal stress. A very common construction is, 
however, that of making the ring in segments of about 2 teet in length and riveting 
the blades to these segments. 
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lues^ BQT t2e drcn s :o be deienamed, the blades have been 
Of^fCTHfd so :i&ai ririfir we^xr can be calcnlatcd. 

2 MMmmwMit wmit tcasfle stres must be det^mmed. In this 
■T.! — ky*-rygt *he £actoc5 jo be coosidercd are the qualities of the 
Tra'mal so be aaed see pages 3J7 and 338) and the grade (rf work- 
ikii k aTaSabfe. In socxie shops in Gennanv whm 



Yerj espen vorksiea can be secured and the material is carefully 
jiefagMd aad nzr^soaBr good, a factor of safety as low as three is 
^<niiiifru'rK : ^ izsed. Mantrfafturers of De Laval turbine wheels 
ozake ziat Hiituig factor trom four to five; but for average 
Amerkan pcacike a factor ol safety of less than five should not 
be CDBadocd. If nkkd steel is to be used of which the ultimate 
scragitlt k say iiojooo pounds [)er square inch, with a factor of 
saieCT ot li^ne. the alovaUe total stress In die drum sfaefl would be 
gt.noo pocnds per square inch. Now if the stress due to its 
om we%ht. ot vhidi the calculation has already been indicated, 
e stS lepresentcd by the symbol S, and the total stress allowable 
hf S^ tben the permksibie stress resulting from the weight of 
thebbdcsS^ts 

S^ = & — S = 24,000 — s. 

(5) The »fcM'fc«»*« of the drum shell can now be calculated by 
equation (51)- Since S^ is now determined and d^. N, and w* are 
gjnren by the dimensions required for the design of the blades, 
the thickness 11 can be easily calculated. 

(51) can be written in the form 

wd.TT . . 

(33) 



1,669,200 X S« 



cf tlie blades has been calculated for only one 
t^^i^Mi Wk is the distance between the center lines of 



tttA MB on the drum. 



copper, or similar alloys weigh about .30 pound 
per cubic inch. 
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Example. The following data regarding the shell of a section 
of a turbine rotor are given by the drawings accompanying the 
blade design. 

Diameter at root of blades (approximately = d) 25 inches 

Diameter at center line of blades (d^) 30 inches 

Revolutions per minute 2000 

Weight of blades in one row, per foot (w) 5 pounds 

Weight of a cubic inch of material of shell 28 pound 

Distance between center lines of successive rows of blades of 

the drum 3 inches 

The Stress in the shell (S) due to its own weight, by equation 
(30), is 

« .28(25)* (20C0)* , . , 

S = — ^ "^^ ^ ^ = 5030 pounds per square inch. 

139,100 

So = 24,000 — 5030 = 18,970 pounds per square inch. 

5(30)* (2000)* . , 

mn = //^ ^ ^ -^ — = .57 square inch. 

1,669,200 X 18,970 

But m = 3 inches; then 

n = .57 -^ 3 = .19 inch. 

The sections of the rotor are usually supported on disks attached 
to the shaft. In another paragraph relating to the design of 
disks, the strength of such forms will be discussed. It should be 
remembered that, compared with impulse turbines, the peripheral 
speed is always kept low.* Drums are almost always used for 
reaction turbines, and separate disks or wheels for impulse 
turbines. 

Fig. 209 is an exact copy of the shop drawing of the rotor of an 
Allis-Chalmers (Parsons type) turbine. It consists of a central 
cylinder upon which rings are fitted as shown. These rings are 
made of steel and are forged as a solid ring. The webs are 
formed by cutting away the superfluous material in the sides 
with a lathe. In this type of rotor the central cylinder must be 
made of sufficient strength to resist the usual torsional stresses 

♦ The peripheral velocity of drum types should not exceed 400 feet per second. 
Impulse wheels, however, are sometimes designed to operate at 1200 feet per 
second. 
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The cctt^tiQctne at tbe dnims oE It'pol 
1 Fi^ 107, 109 And 184. 
I the exponstoo of tbe steam Ukr- 
s plmd m ifi^ihnigins, or partitions between the 
Aa^s, tfcor » m. bi^ dnp ia pc^stue betwem any two stage:, 
•■d ifaac&ve ^^^fr o{ steam between tbe stages will be much 
^ESter than wiih tbe small pce^ure drop in tbe reactioa type. 
Tbe iewex muBfacr of slaps in the impobc turbine necessarily 







Tvf* of Kntiion Turbin. 



increases the relociiv of the steam passing through the blades 
and at tbe same time the most economical wheel speed. Within 
practical limits, wheel speed should always be increased with 
steam velocity in gotxl designing. 

Stresses at Ri|^t Angles to Each OtbN. To determine the 
stress in flat disks a refinement in the calculations b sometimes 
necessary in order to obtain more accurate values than those 
secured in the preceding calculations for the stresses in rings and 
drums. If, for eicample, two forces R and T act at right angles 
to each other, theoretical conditions of elasticity show that the 
maximum stress or elongation is never quite equal to that dut^ 
to either of the two forces if acting alone. In other words, an 
elongation in the direction of the line of action of the force R 
produces a contraction in the direction of the force T.* Thus 

' This phenomenon is easily observed in a piece o£ itidia-rubbei 
one direction producing »n elongation «-ill produr:e ah 
dire<lian at right angles 10 the greatest elongation. 
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if the elongation due to the force R is Sr per unit of length we have 
the relation 

where Sr is the stress in pounds per square inch and E is the 
modulus of elasticity of the material. The reduction (s^-) of the 
dimension at right angles or normal to the direction of the force 
producing the elongation is proportional to the force itself and 
also, of course, to the stress. Then 

8||f* — KSr — _ > 

where k is a constant and has the value of .3 for metals of a 
homogeneous structure, such as are usually required for the 
manuf^ture of machines. 
Th^ force T in the same way produces elongation 

^ E 

and a reduction at right angles (s„/) (in direction opposite to the 

elongation due to Sr), 

kSt 

E 

The net elongation in the direction of the force R is 
Also the net elongation in the direction of the force T is 

St kSt _ 1 /Q Q X 

8< — S„r = ^ — g V2>/ — .3 ^r)' 

When the two stresses at right angles are nearly equal, as in 
the case of the disk now under consideration, the elongation is, 
from the results above, only .7 of that resulting from either force 

♦ Sec Greene's Structural Afechanics, pages 7 and 184; Church's Mechanics of 
Engineering, p. 203. 
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are nearly I 
1 lo defor- ' 



acting alone, il follows also that when the stresses are i 
equal the stresses which arc, of couree, proponional I 
mations are also only .7 of that calculated from only one of the 
forces. This effect of forces at right angles to each other will 
be applied in the discussion of the stresses in disks. 

Hatbematical Treatment of Stre^es in Disks. Fig. 310 shows 

a section of a turbine wheel cut out (1) by two radial planes 

making the angle 6 with 

n-vdti each other, and (2) by the 

-'■('"-^ cylindrical surfaces with 

radiuses of r and r + dt. 

The two other bounding 

p surfaces are the sides of 

the disk. The thicknesses 

of the disk are t at the 

radius r, and t + rft at the 

radius r + dr. 

If this sector is rotated 
about the center O it 
develops the centrifugal 
Diagram of Didt Stresses. force (CF). Acting on the 

surfaces of the sector are 
also the forces R and R + efR in the radial direction and the forces 
T, T in tangential directions. The two tangential forces T, T 
form the angle 180 — degrees with each other, and their result- 
ant is approximately Tfl when C is a small ^gle. We have, then, 
Forces acting outward = R + dR + CF. 
Forces acting inward = R + 16. 

If we call the unit stress in the radial direction S, and in tan- 
gential direction S(, then at a section at radius r (if all the dimen- 
sions are in inches) the following relations result: 
R = ri^tS., 
R H- (/R = (r + dx) (t + di) (S. -I- dS,)d, 
T =tdTS,, 

TO = idies,. 
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K V IS the velocity in inches per second and w is the weight 
of a cubic inch (the specific weight), then the volume of the 
sector is very nearly tftrdr, and 

CF = td(/r ^^ • 

g 

For equilibrium, the sum of the forces acting outward equals the 
sum of those acting inward, or 

R -f dR + CF = R + TO, or 

tOdr9I^P 
(r + rfr) (t + dt) (Sr + dSr)0 + = rdtSr + tdrdSt. 

Dividing through by and neglecting infinitesimals of the second 
order, we have 

r(tdSr + Srdt) + tdr (Sr - S,) + ^^^i^il- = o. (34) 

This general equation is not suitable for calculations, but by 
assuming conditions of uniform strength or uniform thickness 
the form can be considerably simplified. 

Disk of Uniform Strength. If we assume, then, uniform strength 
in the disk, the stresses throughout are constant, and if S' is the 
stress at any point, then 

S' = S,. = S/ = constant value 
and therefore 

£®'«-o, and substituting these values in equation (34) 

rrftS' + - tVrfr = o, 
g 

dt . wV^r 

— H = o, 

t gS'r 

dt , w ^^ oPt^dr 1 u • * 

— -f — - X = o, and by mtegrating, 

t gS r 

log t + -^ X — ^ + K* = o. 

^ gS' 2 

* K is a constant of integration. 



3=4 
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Now 


vhcti r = 0, 


= t„ anJ K = - log t,, so that 




log 


-§-^+(-log..)-o. 




...( 


t \ w ..■r' wV • 



i f is the base of XajK-rian ot 
• 2.7185 and log.„ f = 0.43439. 
(including ag = 775 inches) 

the disk, then cqualion (35) 



t =t^-jtf-. Us) 

in which t is the thickness of the required section at the radius i, 
ta is the thickness at the rpn'"- 
nalural logarithms whii .. ,7. a 
All the symbols in these t 
are in inch units. 

If t, is the minimum thickness 

can be wTilten 

t = t,. «s' , (36) 

where V, is the peripheral \'elocity at the radius corresponding 
to t, and V is the velocity correspor g lo t as Ijcforc. 

If the disk is not made of unifi strength throughout, then 
V, is the %'elocity where the portion designed for uniform strength 
begins. 

Equation;! (3S) and (36) arc generally used by the designers 
of impulse turbines, and for 
the conditions of average prac- 
tice they are sutficiently accu- 
rate. 
Design of the Rim. An 
Fig. sn. St-riion of a Turbine Wheel, enlarged section or rim is usu- 
ally required at the circumfer- 
ence of a disk for the attachment of the blades. Stresses in this 
section require careful consideration. 

In Fig. 211, t, h the smallest thickness of the disk where it 

joins the rim (at the radius rj and t. is the thickness and b,the 

* The cliangc trom linear 1» aiijiular velocity »as made to maLe integrattOD 
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readth of the rim of which the center of gravity is at the radius 
V* Blades attached to the rim produce by the centrifugal force 
due to their weight the stress S, in pounds per square inch. 
Besides this there is exerted on the section of the rim the stress 
due to the centrifugal force of its own weight and also the radial 
stress (S,.) in the disk exerted over the thickness t^. The expan- 
sion due to these forces acting on the rim must, for equilibrium, 
be equal to the expansion of the section of the disk where it joins 
the rim. The sum of the radial forces F^ acting oh the rim per 
inch of length may be stated then as 

wV 'b t t 
Fr=S,t,-f^^^^1^ ~S,t„ (37) 

in which w is the weight of a cubic inch of the material of the 
rim, Vj is the velocity at the radius r, in inches per second. 

Radial expansion of the rim (yiz) is expressed by the following 
form if a is the area of the rim section in square inches and £ 
is the modulus of elasticity in pounds per square inch,t 

* Because the contraction of the cross-section due to stresses at right angles 
(page 330), has been neglected in the derivation, equation (35) should not be used 
for values of allowable unit stress less than 1 5,000 pounds per scjuare inch, as it gives 
thicknesses at the center, for low stresses, which are sometimes considerably too 
laige. Practical designers who are required to use unusually low stresses for disks 
will find a suitable discussion in Jude's The Theory of the Steam Turbittef pages 
iS8t0 204. ^^^y2 

t Centrifugal force due to a weight of a cubic inch at r^ is ^ , which becomes 

vfVJbJ^ grt 

^^ when multiplied by the area of the rim section. 

t It is easily shown that the tensile stress in a thin cylinder is 

S = = sEf 

a 

wheie s is the elongation per unit of length and a is the area of the section. Then 
the total eioHgaium of the circumference (^/) is 

A, s= 

Ea 
and the radial elongation {X) is , F r^ 

X = ^= -—• 
2T Ea 
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StBcc tbe n al and ungmtuJ saeees m the dak have been 
made eqtul in ibc ori^nal aaeumpiions, the unit dongationi in 
every diRClion maSl be eqtul, so tlut the linear cxpaDsion bi tbe 
length r b 

i. = ^S^., (») 

where i b tbe roeffideni of the oodttactioQ of tbe cross-section 
for sue&ic^ at h^t an^es (see page jxi }. 

For cooditioi*- '^f *nii;i;K.i.im "^hSou^t i, = il„ and subsd- 
■tuttng equation 13, iting lo (39) we faa^~c 

t'-^uallj' the percentage ivriting r, for r, is verj- 

smaU, w that wc bare in simpler l , 

= fi-k)Srf., 

from which either b, or t, can be solved. In most cases, how- 
ever, t, is determined by the blade dimensions, so that b, is 
I thus: 



e g 

In this equation the stresses are in pounds per square inch, 
V, and g are in inches per second, t„ t„ r„ and b, are in inches, 
minimum Thickness of the Disk. The thickness of large disks 
at the smallest section is not determined by tbe allowable stress 
but by tbe requirements for safe transportation and by the liability 
of thin disks lo become distorted and unstable in balance. Disks 
about 5 feet in diameter should have a minimum thickness of 
from .4 to .6 inch, depending on thequalityof the material and the 
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• 

speed for which they are to be used; and for disks 10 feet in diam- 
eter the minimum thickness should be from .7 to 1.25 inches.* 

The breadth of the rim (b,) calculated by equation (40) is 
the maximum value allowable, but the breadth can be made, of 
course, less than that calculated. There will be a smaller radial 
force at the rim of the disk than is necessary to produce the uni- 
form radial stress S„ and the disk will not be one of uniform 
strength. The stress at the center will be reduced very much 
less than that at the smallest section. 

If now equation (40) is used to calculate the minimum thickness 
tj, with an assumed value for h^ suitable for the design, negative 
values may be obtained. In this case a smaller value of S^ 
must be used in the calculation. Limits for S^ can be easily 
determined by putting Sj = o in (40); then 

wV ^ 



g(l-k) 

which is the tangential stress in a freely rotating ring or is the 
usual "fly-wheel" formula when k = o. 

Practical Example. Design of the Rim of a Disk WheeL 
A disk wheel 50 inches in diameter is to be designed for an im- 
pulse turbine to operate at 3000 r.p.m. The minimum thickness 
(ti) is .4 inch, and nickel steel is to be used with an allowable 
stress of 28,000 pounds per square inch, which weighs .28 pound 
per cubic inch (w). Approximately the radius (rj at the inner 
edge of the rim is 25 inches, so that V is 7860 inches per second 
(about 450 miles per hour). The wheel is to carry two rows 
of blades, so that the thickness of the rim must be made about 
3.5 inches. The weight of these blades is equivalent to a solid 
ring of steel around the rim .3 inch thick. f The weight of the 

♦ Minimum thickness for a wheel 3 feet in diameter is about .25 inch. An 
approximate rule for the minimum thickness of disks is 

' min == '^^^ ^ ^o -oi ^1 
where d is the diameter in inches. 

t Centrifugal force of the blades on a wheel is probably most simply determined 
by this method of calculating from a drawing showing the dimensions of the blades 
the thickness of a solid band or ring of the same weight. 
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blades per square inch of the rim surface is .3 X .s8 =^84 

pound, and the siress S, per square inch due to this weighl is 

(take g = 386 inches per second ) 

.084 ,, (7860)' o J • i. 

S, = — Tp X -^ = tIS pounds per square inch. 

386 25 

Substituting these values in (40), 



s8,ooo X -^ - 538 

.?8 X (7860)= ~~ 
■' - .7 X 28,000 

386 



X 25 = 1.5 int^hes. 



The thickness of the section at the nter (t,) is calculated t>y 
(35), using the same allowable stress as before for S': 



to = te-*' = 2.33t, 

t(| = .4 X 3.23 = .89 inch, 
The expansion of the radius due to the allowable stresses in the 
disk can be calculated by (39), taking E = 30,000,000 pounds 
per square inch and k = .3, 

, .7 X 28,00 X 25 , . , 

A, = -' ^ = .016 inch, 

30,000,0000 

and the expansion of the diameter is ,032 inch. 

If reaction turbines arc to be operated at higher peripheral 
speeds than 350 feet per second, the stresses due to the cen- 
trifugal forces are too large to use a free drum construction, so 
that the drum must be strengthened with spokes or flat disks. 
It is considered better practice, however, to divide a drum into 
short sections, and calculate each section by the method explained 
here for disk wheels by the use of equations (35) to (39), The 
Allis-Chalmers Company uses this method for the low-pressure 
stages of its latest designs as shown in Fig. 209, although the per- 
ipheral speed of this section of the drum is usually less than 250 
feet per second. 
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Practical Example. Design of a Wheel Disk without a Hole. 

Stresses in disks are difficult because the areas over which the 
forces are distributed are not readily determined; besides, the 
forces are not uniformly distributed over any one of the areas 
to be considered. The stresses in a disk are calculated usually 
by determining the force acting on the "boundary" areas of a 
circular sector imagined cut out of the disk. Such a sector is 
shown in Fig. 212. The radius is r inches, the elementary radial 
thickness is rfr, t is the thickness of the sector (measured parallel 



CF 

4 




Fig. 212. Forces in a Sector of a Wheel Disk. 



to the axis of the shaft), and is the angle subtended at the 
center by this sector. The centrifugal forces cause tangential 
and radial stresses. If we imagine the disk made up of a series 
of concentric rings, laid side by side and touching, the tangential 
forces tend to break the rings in the line of the tangent, and the 
purely radial forces, on the other hand, will tend, as it were, to 
break out pieces which would be carried away in a radial 
direction. In Fig. 212 the tangential and radial forces are 
shown more simply than in Fig. 210 in the directions to equili- 
brate the centrifugal force CF. In other words, the tangential 
and radial forces shown are those balancing the centrifugal 
forces. 
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^ 



Am aOmtt ^ ol » ^o-indi pUin disk of fot^ed sted wittiout 
* kil* tf tbc Eiiilcr lor a RjoDcr-Stampf tmbioc is shown in 
Vi^ atj^uid e ioBonriBg puipwpbs shmr bow tbecalculalions 
■mtn nadc ainelcx ol the di^ (d^) b 46 inches (measured 
iaside tke vticb is z incfacs wide). SnuDe^ section of the 
(fiik ii takiB b .5 iodi (sec p^e 336). Speed is 4000 revolutions 
pernuDtite. T ■eaIknrableiiiiitslres&i&2o/xx} pounds per square 
jadLandlhcflisfcisdi^gpedtorwufiiiiiarangtfa. Weight of the 
Uads is 0)9 I nod per iocfa of the drrumiereace, producing a 
ccntrif^ll focv. ~ Mjuan; inch at the smallest 

section of the dbk. shonn* that in a flat disk 

the ittCHat the ■ snal centrifugal load (like 

blades and shnmi bT ample addition to the 

< (both ndta^ ■ tn the disk due to its own 



The rim was calculated pRr\')ous example, and the 

thickness ftj in Fig. 211) was oete. jjed by the width required 
for the blades. From the inni ^ of the rim the disk was 

given a constant thickness of . 1 till the tangential stress 

alone as calculated b; equation (30} exceeded the allowable 
limit, t 

* Jurle, The Theory of At Sitam Turhime, page 19S. 

t It nill be observed that these appraiimtuioM >i« \tij much on the stSt side 
liecause of [he effect of " forces it light uigles" (sec page 310). It is probable, 
hoH«t-er, thai whatever the fonn of the disk (if not abnonnally irregular), the 
stresses at the center arc slighily higher thxa the peripheral atreaaea. In case of 
un'lue racing due to the foilurr of the got'eniing apparatus or other cause, a disk 
'Icslgnol for uai/orm itrtnglh will Sy to pieces from the center. A Dc Lai'al 
wheel without the usual "safety groove" near the rim when tested to destruction 
broke up entirely and projected large pieces through a caH-ateel casir^ two iiKhcs 
Ihirk. When, however, the customary groove was cut just inside the rim, only 
piei es of ihf rim were broken ofl when an excessive speed was rtached, and no 
eitlernal damage was done. 

Ii is Slated by Jude that the metal left between the "safely grooves" of a E>e 
[.aval wheel Is "only sufficient to carry the tradion load of the vanea." From 
this fait the minimtim thickness of De Laral ditb> can b« eaaUy calculated, 
3t it is generally stated that the factor of safety at the groove is 5, and the section 
liefore the groove Is cut is two-fifths larger. Allowable unit stteae b probably 
taken at about 10,000 pounds per square inch. 
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For some distance from the rim toward the center we have the 
case of a flat disk. Now in a disk of constant thickness without 
a hole at the center both the radial and tangential stresses increase 
from the rim toward the center. At the outer edge of such a disk 
the radial stress is only that due to the cen- 
trifugal force of the blades and rim, while the 
tangential stress is of considerable magni- 
tude and is always greater than the radial 
stress, except at the center, where they are 
equal.* Because both radial and tangential 
stresses at every section are approximately 
increased -1840 pounds per square inch by the 
centrifugal force due to the blades, the net 
alhnrable stress is 18,160 pounds per square 
inch. The point where the "increasing" sec- 
tion begins is determined then by the following 
calculations — substituting in equation (30): 



= 565, 



. , 18,160 X i,^9,ioo 
' ~ .28 X (4000)' 
d, = 23.8 inches, or r, = 11.9 inches. 

Beyond this point toward the center of the 
disk the section has been made of uniform 
stTsngth as calculated by equation (35). The 
calculation of the thickness where the diameter 
b 10 inches {r = ^ inches) is given by equa- 
tion (36), 



t =■ t.e r. 



Fic. 113. Design of a 
Wheel Disk without 
A Hole u the Center. 



in which /, ™ .5 inch and e = 2.7183, then, 



t = 1.56 t, = .78 inch. 

In the same way the thickness can be calculated for enough points 
to determine the profile. The section shown in Fig. 213 is a 

• Jude, The Theory of Ike Sleam Turbine, page 300. 




3J2 THE STEASl TIRBIXE 

tj-pical 'flar' disk. To facilitate the forging of such disks the 
protiie is not made exactly as calculated but is gradually tapering 
from the smallest seclion to the center. The increase in the 
thickoess from the rim lo the center is very small compared wilh 
many designs, approximating a "concavo-convex" form {Fig. 
214). It is argued by some designers that the treatment of the 
"concavo-convex" forms is entirely wrong and that most prob- 
ably it is not possible for the stresses all along the central plane 
to be cither equal to or less than those at the rim by merely satis- 
fying equation (35), and that the metal in the bulging part of such 
disks has Htlle influence in modifying the stresses in the central 
plane. Some of the best authorities agree that it seems reason- 
able that whatever the form of the profile of a disk the "stresses 
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in and about the central plane do not differ greatly from those 
in a flat disk running at the same speed."* 

A typical solid disk without a bok for bolts or for the passage of 
a shaft through it is shown in Fig. 214. It was designed for a 
very much higher speed than the one in Fig. 213, so that it has 
a bulging from near the center. This design shows an ingenious 
method for the attachment of the body of the disk to the shaft. 
It will be observed that the disk is made with a very small sec- 
tion near the rim, so that the stress there far exceeds that any- 
where else. If the wheel breaks it will rupture first at this 
smallest section and the rim and blades will be torn off. When 
these parts arc gone the centrifugal force will be so much reduced 
on the part of the wheel remaining that there can be still a very 

* Jutlc, The Tktory 0/ Iht Sleam Turbine, page 104. 
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great increase in speed without further damage. This disk is 
designed for a factor of safety of about five at the smallest section, 
and about seven at ever)- other section. 

In designing a disk for high speeds, obviously a section that 
gives approximately uniform strength from the rim to the center 
is desirable. Experience in such calculations has shown that a 
disk of the shape shown in Fig. 211 fulfills approximately these 
conditions.* This disk was designed for a speed of 20,000 
revolutions per minute. There is a centrifugal force of about 
.2 pound per inch on the outside of the rim, due to the weight of 
the blades which are of the irregular shape shown in Fig. 64. 

Disks with Holes in the Center. Up to this point in the dis- 
cussion of stresses in disks only designs similar to Figs. 213 and 
214, without a hole, have been considered. When, however, a 
hole is made near the center of a disk the stresses are greatly 
increased. There are no very reliable methods for determining 
the stresses in disks of arbitrary shapes with central holes. 
According to De Laval, any methods for "taking into account 
the hub influences in the calculation are only rough approxi- 
mations" to the actual conditions. It can be shown theoretically 
that a mere pin-hole at the center of a disk makes the tan- 
gential stress St at the hole twice that in a disk without a hole. 
Indeed a small flaw near the center of a disk may seriously 
affect the magnitude of the stresses. For this reason, steel ingots 
with any traces of "piping" must not be used for forged disks 
to be operated at high speeds. For thick disks of the typical 
De Laval shape when perforated, the exact solution is appar- 
ently indeterminate. Methods of calculation for such irregular 
sections have been proposed which depend on the determination 
of the mean stresses of the whole section. Results from such 
methods are, however, of no value at all, as it is known that the 
maximum stresses are often twice the calculated mean stress. 

* Besides blow-holes and piping in ingots for drop forgings. most makers put 
holes into the disks for the attachment of tools for removing the disks from the 
shafts, and for balancing weights. Very few disks are made that do not have some 
holes. 
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The laci remains, hcnrcrer, that likks for turbines are vny 

commonly made with boles to the center for the fhaft, and other 

holes besides are often made for the attachment of tools for forcing 

the disk from the shaft when the wheel is to be removed. Stress 

dtstribulJon near a central hole of a nearly flat di^k ran be approx- 

tmateh' calculated if a disk of comparati\-eIr smaller diameter is 

imapoed cut from its center, and thi= small dUk is then assumed 

to be of cxntstant thirknc^^ and subjected to a radial stress at iu 

nm equal lo the uniform 

^sntae in the large disk if it 

id no hole- The stresses 

l*! this ^mall disk with the 

Jt"^ _^^ 'Ic can bo calculated w-ith 

ime degree of accuracy 

i>m equation (34) by put- 

[ig tit = o, since t has been 

isumed constant in this 

[lall disk.*" Tangential 

rc'Sies calculated in this 

way for a disk 10 inches io 

diameter nnth a hole i inch 

in diameter are shown in 

Fig. 315. Radial stress is, 

of course, zero at the center so that it is not important. The 

lar^c disk (Fig. 213) was designed to make the combined unit 

stress in the section 20,000 pounds per square inch, and it is 

assumed, therefore, that the radial stress on the outside of the 

• Simplifiei! formulas for a disk of constant thickness «re given by 

Kyerman, Die Damp/lurbine, pages 8S-90 ; Slodola, Die DampJturtiHtn, pages 

The algebraic work inixilved in obtaining equations suitable for calculations is 
la>iorious and complicated. Becau^ ihese cqualions are not used directly for other 
1 akulalions they are not given here. This chapter on stresses is not intended to be 
an fxhauslive irealmenl, malhcmalically, and the practical designer wishing to use 
(he minimum factors of safety should carefully study the graphical solutions given 
by Slodola; bul he shoukl remember thai these methods referred to are only 
approximations and in a great measure are justified only becsiue they have stood 
ihc test when applied in praclice. 
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small disk has this value. The curve shows that the maximum 
stress at the hole is 40,000 pounds per square inch and that the 
stress is rapidly reduced as the distance from' the edge of the hole 
increases till it reaches the constant value of 20,000 pounds per 
square inch, for which the wheel disk was designed. It should be 
obser\'ed, therefore, that the stress at the edge of a hole at the 
center of a disk is twice that at some distance away from the hole.* 
It should be carefully noted, however, that this discussion applies 
only to holes at the center of a disk. Holes near the rim such 
as are often made for balancing the disk or as a safety device 
so that the rim will break first in case of excessive speed, 
w^ould be allowed for in practice merely by the reduction of the 
section. 

It is, however, a good practice to make the section at the hub 
of a disk with a hole at the center of sufficient size to withstand 
the greatest stress that may come to bear at the normal speed. 
Fig. 216 shows how the disk in Fig. 214 should be modified that 
it may be put on a 4-inch shaft. The thickness (z) of the hub 
will be determined in the usual way as discussed in books on 
machine design. Only its length (t^) concerns this discussion. 
Eyerman| and Stodola give elaborate graphic methods for this 
determination, but they will not be taken up here, as they are of 
no general interest. For most practical purposes it is satisfactory 
to make use of the results shown in Fig. 215 and make the length 
of the boss (t©) twice the thickness at the same section for a 
disk without a hole. Instead of reducing the section abruptly 
in proportion to the reduction in the stress the use of a fillet 
(see curve ah in Fig. 216) of ver\' gentle curvature gives by far 
the best construction. J 

Because the distribution of stress is changed when a hole is 
made in the center of a flat disk, the section where the radial 

♦ This has been shown by a mathematical demonstration and the development 
of suitable fonnulas by Grubler, Zeit. Verein deiitscher Ingenieure, 1897, P^g^ 
860 ; Kirsch, Zeit. Verein, deutscher Ingenieure, 1897, P^gc 798. 

t W. Eyerman, Die Damp/turbine, pages 86-98. 

X Stodola, Die Damp/turbinen, 3rd edition, page 164. 
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Stress equals tlie allowable limit musl be calculated by a different 
method from that used for the disk without a hole at the center. 

To determine from the general theoretical equations for the 
stresses in disks the diameter where the radial stress in a flat 
disk with a hole at the center has a definite 
value is verj' laborious and almost impracti- 
cable; but the foUowing approximate and more 
or less empirical formula for the radial stress 
in a disk of uaLfonn thickness with a bole io 
the center can be uj^d rnnivni^tly. It is 
practically the same as Ih Cree and 

Jude * except that it h; .plitied by 

grouping constants and e units to 

correspond with those uscu :her equa- 

tions in this chapter. 

If Sp is the radial stress in the in pounds 

per square inch at any diameter d, iches, V is 
the velocity at the periphery of ihe disk in feet 
per second, D is the diameter of le disk in 
inches, and d is the diameter in inches of a hole 
at the center, then 



Sr = 



47^ 



D= + d' 



VA' 



Now if this equation is to be s 
mine d„ it can be written 



(40 
ted to deter- 



and putting B - 
C = 



S,-D'-dMd.'-D'd' = o, (43) 






S. - D* -dMand 



— '«- 
Fig. lt6. Design 
(4 k Wheel Disk 
with a Hole st 
the Center. 



d, = \/_B^>'_C. 
2*4 
■ Jude, The Theory of tiK Sttant Turbine, page 104, 



(43) 
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This last equation is easily solved after obtaining the values of 
B and C from the dimensions of the disk and the allowable unit 
stress. 

There are two values of d, because the radial stress increases 
to a maximum value and then decreases to zero at the edge of 
the hole. The larger value of dj is always taken to determine 
the design because between the two values of dj the radial stress 
has its maximum value. 

In the design for this example S^ = 18,160 pounds per square 
inch, D = 46 inches, d = 4 inches, and V = 500 feet per second. 
The value of B is then 1358, C is 33,856, and d^ is calculated to be 
36.5 inches. 

The section from the 36.5 inch diameter inward toward the 
center is made of uniform strength and is calculated by the use 
of equation (36) in the same way as in the preceding examples. 

Permissible Stresses and Suitable Materials. It is considered 
safe generally to use ordinary forged or rolled steel, for velocities 
not exceeding 600 feet per second; and for lower speeds than 
this limit wrought iron can even be used if it is of exceptionally 
good quality. For speeds from 600 to 1000 feet per second 
crucible cast steel can be used. 

Nickel steel is recommended for turbine disks by the Krupp 
Company of Essen, Germany. This nickel steel has an ulti- 
mate, tensile strength of 125,000 pounds per square inch and 
12 per cent, elongation before rupture. The elastic limit is 
about 95,000 pounds per square inch. It is stated by the 
Krupp Company that they will produce a nickel steel of still 
higher tensile strength but only about 6 per cent, elongation. 
With some small forged pieces of this material an ultimate 
tensile strength of 285,000 pounds per square inch has "been 
observed, with an elastic limit of nearly 225,000 pounds per 
square inch. All De Laval turbine wheels used in America are 
made in Sweden of forged nickel steel, which is rather high in 
carbon. 

Allowable working stresses must, of course, be left to the 
judgment of the designers. An engineer of the Krupp Com- 
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pany stales that stresses in the same direction may be allowed 
in turbine disks as high as one-third of the elastic limil. 

Since the centrifugal force and therefore also the unit stress is 
proportional to the square of the velocity, if a factor of safety 
of 4 is allowed, the breaking speed of the wheel will be twice the 
normal speed, and the elastic limit of the material is only about 
1.5 times the normal s[>eed. 

Excessive stresses at a hole arc "dissipated" very materially 
if a dangerous stress is reached at the edge of the hole. Before 
rupture can occur there will be at. excessive elongation of the 
materia! as soon as the elastic I it is reached at the highly 
stressed section. 

CRITICAL SPEEDS OF LOADED SHAFTS. 

With the high speeds at which sleam turbines are operated 
the centrifugal forces due to even a small eccentricity of the 
rotating masses produce vibrations, excessive stresses, and 
"springing" of shafts, .^s the result of the eccentric forces the 
shaft is bent farther out of line, so that the centrifugal forces 
and the amount of the eccentricity are increased until the stress 
set up in the shaft by the bending produces a force equal to the 
centrifugal force, and the center of gravity and " center of work" 
coincide. If W is the weight of the rotating mass in pounds, e is 
the "original" eccentricity of the shaft in inches, x is the eccen- 
iricily in inches at N revolutions per minute, P is the force 
applied to the shaft at the point of attachment of the disk which 
will bend the shaft i inch, within the elastic limit, C. F. is the 
centrifugal force of the rotating mass, and k is a constant, then 

The bending of the shaft at this speed is x — e, so that 
and 



(«-.)p=^ (44) 
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The increased eccentricity due to rotation is therefore propor- 
tional to the original eccentricity of the shaft and increases with 
increasing values of u and hence also of N. When 

kWu' 

X becomes 00 , that is, the deflection becomes exceedingly large, 
unless prevented, and would break the shaft. 

It has been shown by Cree * that the critical speed N^ (r.p.m.) 
of a shaft with some flexibility in the bearings carrying a con- 
centrated load of W pounds is 

^' ab Vw' ^*5) 

where E is the modulus of elasticity in pounds per square inch, 
r is the radius of the shaft in inches, 1 is its length (between two 
bearings) in feet, and a and b are the distances from the load to 
the bearings, in feet. This formula f is to be used for only a 
single concentrated load like the single wheel of a De Laval 
turbine. When there are a number of wheels with possibly also 
a revolving field of a generator on the same shaft, the problem 
becomes very complicated if the loads are considered separately. 
Experience with such calculations has shown that for the cases 
occurring in practice % the critical speed can be determined by the 
following simple equation derived for the case of uniform loading: 

Nc= 155,000 r'\/;^3, (46) 

where W is the sum of the several loads on the shaft and the 
other symbols are used as before. 

♦ Proc. Physical Society (London), vol. XIX. 

t In this formula the weight of the shaft is not taken into account. The 
influence of the weight of the shaft on the critical speed can be easily cal- 
culated, but in practical cases it may be neglected without appreciable error. 

X This applies particularly to the cases of Rateau, Parsons, and Curtis 
turbines and turbine-driven generators and pumps. 




CHAPTER XVI. 
GAS TURBIIfES. 



The development of the gas tufbine, which should combine 
the high thermal efficiency of an internal combustion engine with 
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for the best efficiency the speed oi roialion of the turbine must 
be made too high for utilization for general power purposes with- 
out the application of reducing gears; and, if on the other hand, 
he cools the gases by the injection of water or excess air into the 
combustion chamber to make the temperature of the gases suitable 
for the materials available for machine construction, the high 
thermal efficiency stated by the simplest laws of thermodynam- 
ics* is, of course, not attained. 

Since the gas turbine is certainly not yet out of the experi- 
mental stage, although there are commercial applications, it is 
not out of place to give some space to its history. 

Probably the oldest form of gas turbine is the ancient propeller 
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T) is the initial and 7|i3 the final temperature of the cycle. By lowerittg the value 
ol T,. the efficiency is reduced in much greater proportion than the teduction in the 

temperature. 
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Fig. 9iS. A Chimney Turnspit 
or "Smoke-Jack." 



mechanism, known as a "smoke-jack," which was used for 
operating the turnspit* of large open fireplaces. An illustra* 
tion of this "smoke-jack" is shown 
in Fig. 218, which is a copy of an 
old drawing published in Bishop 
Wilkin's Mathematical Magic in 1680. 
A similar apparatus is described by 
Cardan about 1550. This mechanism 
was placed in the chimney and was 
driven around by the ascending cur- 
rent of hot gases from the fire. Its 
motion was transmitted by gearing 
and belting to the spit on which the 
joint of meat was carried in front of 
the fire. The power of this "smoke- 
jack" can only be estimated by the 
work of the turnspit dog which it replaced. It must, therefore 
be rated at least one "dog-power." 

The earliest attempt to construct a gas turbine on scientific 
principles was probably made by Stoltze of Charlottenburg, who 
received a patent for what he called a "hot-air" turbine in 1873. 
This apparatus consisted of two turbines on one shaft, one acting 
as an air compressor and the other as a power turbine. The 
function of one of these turbines was to draw in and compress 
the air to about 40 pounds per square inch absolute. Part of 
this compressed air was then passed through a combustion 
chamber or furnace, where it supplied the oxygen required for 
the combustion of the gas or oil fuel. Another part went 
through a heating chamber and was later mixed with the gases 
of combustion from the furnace. The mixture of gas and 
air was then expanded in the second turbine. The useful 
power developed by such a turbine is the difference between 
that developed by the gas turbine and that required to drive 
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H ihe turbine-compres5or. A turbine designed to develop ; 
B horsepower has been constmctcd on this plan, but it has not i 
I been commercially developed. It is \*er\' doubtful, if all other 
I diCTiculties were overcome, whether this method of air injection 
H could give nearly as good economy as water injection. (See 
■ page 344) 

W Some attention has been given to the development of the 
W explosion gas turbine, of which a verj- simple form is shown in 
Fig, 219. It consists of a combustion chamber E, of which one 
end is closed by a large valve A opening inward, admitting air 
through the pans B, B and fuel through lubes F, F opening into 
the valve scat. The mixture of gas and air is ignited by electric 
sparks at I, and the products of combustion are discharged from 




the chamlier through a small opening J leading into the nozzle N, 
where air, as shown by the arrows, is mixed with the gases to 
reduce their temperature before they reach the blades of the 
turbine wheel W opposite the nozzle. 

It is a wetl-eslablishcd fact that when a mixture of gas and aid 
is exploded there is first a sudden expansion and then, becausol 
of the combination of the hydrogen in the burned gases witHa 
the oxygen in the excess air to form water, a vacuum is produced. I 
This phenomenon is applied in this apparatus to operate 1 
valve A, which by the formation of a vacuum is drawn inward 
to admit another charge of gas and air. It is stated that i 
such a turbine the explosions will occur very rapidly — from 3S«>1 
to 5000 per minute — so that there is a practically continuous I 
discharge upon the wheel. The efficiency of an explosion motor 1 
of this kind is very low because of the lack of compression; but I 
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I its efficient development does not seem to be impossible. If in 
1 some way efficient combustion by explosion can be secured 
I without compression, then a most economical power development 
I Could be attained with an explosion combustion chamber with 
the fuel and air valves operated automatically "by vacuum" and 
the injection of probably comparatively large quantities of 
water after combustion. Such an apparatus would be simple 




Section of a Zoelly Enplt 



L indeed compared, on the one hand, with the complicated com- 
I bination of the steam boiler with external firir.g and the steam 
I' turbine, or, on the other hand, with the complex reciprocating 
I gas engine. Fig. 220 illustrates a Zoelly explosion gas turbine. 
fit consists essentially of an explosion chamber C, a turbine 
■ wheel W, water and oil pumps, and an air compressor. The 
[pumps and compressor are of the reciprocating type and are 
I driven by the main shaft by means of the worm gears A, and 
Lb,. The valves regulating water, oil, and air admission and 
[the ignition device rj, are operatetl by the gases, and steams are 
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expanded In the nozzle H and impinge upon a turbine wbed ^ 
of the Dc Laval type. Some of the beat remaining in the exhaust! 
gases is absorbed by water coUs R which serve to heat the injec 
tion water. In the operation of this appaiatus, air is admitte 
fiisl into the explosion chamber and then the oil, as the air g 
supposed to act as a shield against back-firing. After the c 
has been exploded and the maximum pressure has been r 
the cooling water is injected. 

The more successful gas turbines, however, are those operalingi 
by combustion at constant pressure. In Ibis tjpe the air and I 
fuel (oil or gas) are iklivcrcd under pressure to a suitable com-" 
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Chamber and Steam ' 



bustion chamber A in Fig. 221 which is maintained at a red! 

heat, so that the combustion is continuous. The products of 1 

combustion are usually cooled by water which is injected into the I 

nozile as in the explosion type. The heat energy in the burned I 

oBScais converted into velocity in an expanding nozzle N and are I 

AUchatKed at a high ^'clocity upon the blades R of the turbine i 

whee\. Designers of this type of gas turbines have generally I 

asMTncd thai nozzles and wheels of the De Laval type are most f 

«iu\ilc, and their energies are devoted at present to the pro- I 

Aaaim oW suitable combustion apparatus and a high efSciency 1 

plaq oomvresor. Fig. "^ shows a typical smaU gas turbine , 

Ml^Wft^tn^e test. 




«t*«cl hjf a Mpame nozzle M. Wim tbc r^ifaiite b n opezation 
'h* Ihifng IfccMOcs RifficicoilT hot to igsite the fad as it is 
h/rtwl )At^ the rhambtr. J 

A Nn*^ (urMrxr r4 rhts laiur type designed by AriDcngaud aDdl 
(*wi«ilf (rf I'flrin i<t Hlustraieri in Kg. 223. It is a machinef 
iU-vt'bi\i\na (oo Mt hiyrv^mwcT at 4000 re%<^utions per minute. I 




ArinongiiU'i and l-tnidit's Ghs Turbint Dirn 
Ralcau Turbinf- Com pressor. 



*at a pressure of from 6 to 7 almospheres. Compressed air is 
used for starling, and a simple ignition device is used for firing 
the charge till the combustion chamber becomes sufficiently 
heated. M. Barbezat, who has now charge of ihe development 
turbine, states that the total efficiency is not as high as 
reciprocating gas engines; but no data are given. 
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J5^ 
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rerrfvcd iheir m/jthre poorer frjot i anacv snmr IBe a mdiDC 
vhM:!, dffven I>t cr^npTe%=«f: lir. fcfriTfy b^ aaanfilB^ 
i/t«m ifkOalled irtth an ol/srirc^ sui s. pisvcrxHt acvvii vei^ 

)^T minute. The expaiL^Mi rarao of :» ■■■^■^£— > s ia lod t)'^ 
w^f^ [ftr hc^Mrpr/trer. vithcxxt tix rfinagv^iL s £.5 Moai^ 

It H ol/riauik« theiif that great pro^jics xa» beEZ made BBcm^^ 
in the derek^mient erf the fpa naimtz aaif -nia. :^ am tf^ 
pTfigreM » compared whh the time ip^wii c fl a> Ixatm 'itt rock^ 
fixating gaft engine to its present state of lindbcsBsn. rVrr fi 
reav^ for hoping for greater accomplishmmr^ at :k aear mcoxe. 
The gaft turbine question includes, however, a Tmrihcr of un- 
v>ived problems; but, on the other hand, the aCKHces avaSbble 
for their solution are numerous. The de^elopmegr of tiscse 
machines will permit the utilization for pover of mzsnxzcs of air 
with coal ga<^. petroleum, or alcohol; and it wiD also make possible 
a combination of the explosion motor and the steam tizrbciie for 
Tr.anv :/jr:x/*c-s. 

The j>»roblem is laid plainly before the physicist, the enzzieer. 
and the machini.-!t, and to bring alxml a satisfactory solution will 
doi:bt!e:^-- re^^^uire all their (ombinerl rc-sources. 

Questions of Theory. The success of the steam turbine 
naturally directed the attention of engineers to the possibaities 
of the gas turbine with the expectation of combining the high 
thermal efficiency of the gas engine with the constructive advan- 
tage? of the steam turbine. 

As explained in the precc-ding pages a gas turbine can be 
oc«!nted by either of two methcxls: 

: : Bv combustion of the fuel in a chamber at constant pressure. 
>' Bv an explosion method. 

Cwtbcscixi at constant pressure seems to be the more practi- 
niHie tiKcic^ and is the one generally adopted.* In the opera- 

:be same efficiency should be secured with either of these two 
Combustion at constant pressure is an adaptation of the 
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tion of this method gas and air are compressed in separate 
chambers or compressor tanks to a suitable pressure, usually 
about ICO pounds per square inch absolute. The gas and air 
are admitted through separate valves to the combustion chamber, 
'where the gas is ignited and burned at constant pressure. Just 
as in a reciprocating gas engine, the air is provided to furnish the 
oxygen to support combustion. After combustion the burned 
gases escape through a suitable nozzle to impinge on the blades 
of the turbine wheel. On account of the extremely high temper- 
atures resulting from the combustion (about 2500 degrees F.)^ 
it is impracticable to design a gas turbine with more than one 
pressure stage and therefore only "nozzle types'' can be used. 

Comparison of Losses in a Gas Ttirbine and in a Gas Engine. 
It is reasonable to assume that the radiation and cooling water 
losses will be about the same for a gas turbine as for a recipro- 
cating gas engine; and from a practical viewpoint the work 
required for the compression of gas and air is about the same 
for combustion at constant pressure as for explosion. After 
eliminating, therefore, the radiation, cooling water, and com- 
pression losses the same energy remains for utilization in each of 
these two prime movers. In gas engines from 20 to 25 per cent. 
of this energy is lost in the suction and exhaust resistances, engine 
friction, and the heat loss in the exhaust. Corresponding to these 
losses in the gas engine, there are in the gas turbine losses due 
to nozzle, blade, and disk friction, the heat in the exhaust, and 
bearing friction. The sum of these latter losses in a steam tur- 
bine would be about 40 per cent., and they will probably be not 
much diflferent, in the total, in a gas turbine. It is argued in 
favor of the gas turbine that it is not impossible "to isolate the 

well-known Brayton cycle. It has been shown that exactly the same thermal 
efficiency can be secured by such combustion as in the ordinary explosion process 
if it is assumed that the specific heat of the gases is practically constant and that the 
final pressure after compression in the explosion motor is the same as the constant 
pressure of combustion in the Brayton cycle. It follows then that the ideal gas tur- 
bine will theoretically operate with the same fuel consumption per unit of power 
as the ideal four-cycle gas engine. (Cf. Lorenz, Zeit. Verein deutscher Ingenieure^ 
1900, page 252.) 
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mt. of the output, or the actual power delivered to the 
is 24 -^ .40, or 60 per cent, of the output. And the 
r takes all the power the turbine can supply. It is 
Tlhen that compressors with the usual low efficiencies of 
otary types are not worth considering. 
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THKRMODVXAMIC THEORY OF THE GAS TURBINE. 

The elcmentan* thermodynamics of the gas turbine involve 
apixirvntlv no new investigations. The problems are princi- 
jxiUy mechanical and metallurgical. In the above table the 
etlWiencies of various gas turbine cycles are given as calculated 
by Sanfoid A. Moss. In all cases it is assumed that the heat 
of combustion is developed at constant pressure and that the 
exhaust gases are discharged at constant pressure. Cases I and 
11 a'fer to thev^reiically perfect engines, and cases III and lYto 
engin^^s with probably normal losses. It is assumed for these 
btUT cases that the turbine efficiency is 70 per cent, and of the 
<\>mpressor is 83 per cent.* The efficiency of the regenerator 
usevl lor the cases of isothermal compression is taken to be 60 
|vr vvni. These ligures are certainly above the upper limits of 
jvvNsible results in practice. 

Thermodviuimic efficiencies of gas turbines operating with 
Ov^:r.S;;>:iv^n at constant pressure will now be discussed. The 
i\;;:a:ivv\> sjivon an?, in miV>t cases, those relating to a perfect 

riu^ iv^tal heat H of a gas at constant pressure may be expressed 
b\ :ho following equation: 

H = c,T -h RT = (^c -»- RM = CpT + constant, 

when* T is the absolute temperature. Cp and Cp are respectively 
the mean specific heats of the gas at constant volume and con- 
stant pn\^sure between zero tem{>erature and T, and R is a con- 
j^lant varying for its value with the kind of gas. 

Fig. 225 represents the cycle of operations when a pound of a 
mixtun" of gas and air is compressed and later expanded in doing 
\rork. .\diabatic compression is assumed. One pound of the 
mixture is taken into the compressor cylinder at the temperature 
Ti ttiul volume v^> and is compressed as represented by the adia- 
%\k 3 to the iem|)erature T, and volume Vj. In the passage 
the combustion chamber it will be assumed for simplicity in 

• Krtuiomu*s i^ (K> |KT cent, for the turbine and not more than 70 per cent, foi 
h ^>^\prr*9(^r would prv>l>ably l>e more reasonable. 
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the calculations that the temperature drops to the initial temper- 
ture T,. If the total heat contents at the points o, 3, 3', 4, and 
S are represented by the corresponding symbols Ho, H„ H,', H,, 
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and H,, the indicated work of compression is the area 0123, 
which will be represented in heat units by 

W, = H3 - H„. 

It is assumed, however, that immediately after compression the 
temperature falls to T„, so that the volume is reduced from t, to 
T,'. Now because the point 3' is on the isothermal O 3', it is 
obvious that H„ = H,'. During combustion a quantity of heat 
Q, is added to the mixture, increasing the temperature to T, and 
the volume to v,; or, in other words, 

Q, = H, - H,'. 

When the gaseous mixture is expanded the work W, is per- 
formed, which may be calculated after determining H^ in the 
preceding equation; then 

W, = H^ - H,. 
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The heat lost by the exhaust gases in cooling from T, to T, is 
H, — Ho; and since this quantity is called Q„ we can write 

W. = (H, - H,') - (H^ - Ho) -= Q, - Q,, 

and placing H,, for H,' it is apparent that 

W, =H, - H,= Q, - Q,. 

The theoretical discharge velocity V in feet per second at 
the mouth of the expansion nozzle is calculated from the usual 
equation, 



2g X 778 



Q,= H, - H, =Cp (T, - T,). 



Using the same s)iTibols as before for the indicated work of 
compression, the theoretical effective power of the turbine is 

W, = W, - W, = Q, - p, - W,. 

If the mechanical efficiency of compression is x and the efficiency 
of the gas turbine, y, is determined in the same way as for a steam 
turbine, by constructing velocity triangles and calculating the 
nozzle, blade, and wheel friction losses for a single stage turbine, 
then the theoretical net power of the turbine is 

w/ -(Q, -Q,)y-^'- 

Since the heat consumed per pound of the mixture is Q,, the 
total efficiency z of the gas turbine apparatus is 



.((Q, 



-Q.)y-7=)*Q.- 



Efficiency of Gas Turbine with Water Injection. If m pounds 

of water are injected into the combustion chamber just before 
the expansion begins, an equal weight of steam is found, which 
it will be assumed is superheated to the temperature T/, which 
will now be also at Ihc temperature of the mixture, lower, of 
course, than T,. 
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The temj)erature of the mixture of burned gases and steam 
T^' is calculated by solving the following equation : 

Cp (T, - T/) = m Jq,' - q. + r/ + c/ (t/ - t„)}, 

where q^' is the heat of the liquid, r/ is the heat of vaporization, 
and t^ is the temperature of saturated steam, — all at the 
corresponding pressure P/.* The other new symbols are q,, 
which is the heat of the liquid at the injection temperature, and 
Cp', which is the specific heat of superheated steam. In this 
equation t^' and t,^ are ordinary (not absolute) temperatures. 

The temperature T^' is calculated for assumed adiabatic expan- 
sion by using the exponent k' calculated from the equation 
below: 

j^/ _ C;,, 4- mcp, 
Ct,j 4- mCro 

in which the subscript i refers to the specific heats of the mixture 
and the subscript 2 to specific heals of the steam. The temper- 
ature Tj' is used to determine the value of Q2, which is the quan- 
tity of heat abstracted from the mixture to cool it from the 
condition at 5 to the condition at o. It is calculated from the 
following equation: 

O2 = m !cp' (t; ^tj + r; -f q^' - qd + Cp(t/ -to). 

In this equation t/ is the '* ordinary'' temperature corresponding 
to the absolute temperature Tj', t^^ is the temperature of satu- 
rated steam, r/ is the heat of vaporization, and q^' is the heat of 
the liquid, — all at the pressure P5'; qo is at the temperature t^. It 
will be assumed also that t^, is less than t^j and that the latter is 

♦ The "partial" pressure of the steam at the temperature T/ can be calculated 
approximately by the formula 

47 f» 



P/ - A. 



29.3 -f 47 w 



if we assume the constants for the exhaust gases arc the same as for air. In the 
same way the "partial" pressure of the steam after expansion is calculated thusi 

47 w 

29-0 + 47 »» 
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less than t/, as is generally the case, neglecting the small quan- 
tity of heat in the water vapor remaining in the mixture at the 
temperature t^ after the burned gases and steam have been dis- 
charged from the nozzle. 

We can write the following equations, applying the same 
methods as for the case without the use of injection water: 

2gX778 ^' ^" 
We'=(Q,-0,)y-^, 

(Qi-Q,)y-^ 

Z = ;; • 

Qi 

Total efficiency, z, increases with the pressure of compression to 
a certain limiting value and then decreases. But for the practi- 
cable values of compressor and turbine efficiencies (x and y) the 
values of the theoretical total efficiency are not particularly good. 

The equations given here for velocity and efficiency can be 
used to investigate the best operating conditions by varying the 
pressure of compressions and the quantity of injection water. 

Another method for reducing the temperature of the gases is 
to use a large excess of air above the quantity needed to support 
combustion. The most economical method is probably that of 
partly vaporizing the cooling water in the water jackets. The 
advantage of using water is that likewise it docs not need to be 
compressed, and therefore it can be injected into the combustion 
chamber without the expenditure of much energy. 

Many of the troubles in the combustion chamber of a gas 
turbine are difficult to explain. One of the most serious diffi- 
culties is the occasional missfire of the incoming charge which is 
soon followed by a violent explosion. It is also difficult to secure 
smokeless combustion. Improvements are being made, how- 
ever, with the object of maintaining higher temperatures in the 
combustion chamber, and the results are encouraging. For this 
reason it is important that cooling water should be injected into 



GAS TURBINES 357 



(f 



1 



after they have left the chamber. The use of carbo- 

or lining the combustion chamber and for the nozzles is 

y an important step forward. This material, which is 

; of the electric furnace, is therefore manufactured at a 

;her temperature than is ever attained in a gas com- li||j 
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}6ll THE. STUM -TTltBINE 

■■i I sad speeds viudi ai the preent time 2re obtau^M^ 

aUk ; -MXT bed ^J<jpw* td Jinci-oimai gencnUon.* 

TUs tafaie ihoMn ikn Ac amature oj flirecl-curreDl geDuatia:^? 
csDBaC br t a ms uu ati lo ^ve ibe rniQired output at the vsaa — > 
speeds wtniliil m Ancfka for Paisotts turbines, and that withel 
Caitis IiiiImm i. «Ud> operale at ^ver speeds, the limit isa 
T a r h f^ at 1500 fcJaw a ais foil load capacitv. 

There Art two wavs (rf orcmMnii^ the limiiatioos of dtrecl- 
cniraiE genenUxs lor inrbme sernce. One way is to design the ^ 
Inrfaiiies for lover speeds, rhicfa entais, however, iacreased cost 
and a sacnfioe of eranoccj. The other way ^ to adopt the tan- 
fian aizangancnt of ccmterliiig two generaiors to one turbine 
as in the usual Dc Laral designs for the larger sizes. 

There is a roostani demand for ditect-cuircRt generators of 
larger caparitiej than are now employed, and the problem of 
increasing '.he capacity of the gcneraior is becoming very impor- 
tant. Tht successful production of such machines suitable for 
much hi^er speeds than are now attainable would be an improve- 
ment effective in two wav^: (i ) by lowering the steam consump- 
ti(«i and (2) by reducing the first cost; and as a result the field 
of the high-speed reciprocating engine would be still more 
restricted. 

Flash-over Limit. In ordinary slow-speed direct-current 
generators the only electrical limit to the capacity is sparking. 
In high-speed machines, however, a new difficuhy known as the 
flash-over limit is met. Its effects are often as serious and as 
difficuh to remedy as any of the commutation troubles. A great 
many designs of high-speed direct -current generators with 
saiisfactorj- commutating qualities have been failures because 
of their tendency to arc around the whole commutator. This 
trouble must be attributed primarily to the very high potential 

55 meters per second; and considering the addilEonal load due 10 the end connec- 
tions the permissible velocity l>ecomes only about 50 melers per second. If, how- 
ever, phosphor-bronze or manganese-bronze castings with an allowable stress of 
600 kilograms per square centimeter are used, a peripheral velocity of 75 meters 
per second is tiot excessive, 

• R. Pohl, Proc. oflnsl. of ESec. Engrs., 1907, 
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difference between adjacent commutator bars — usually about 
three times the permissible value in slow-speed generators. 
Usually this difficulty can be remedied by increasing the insula* 
tion of the shrinkages and of the brush-gear. It is the flash- 
over limit, therefore, which determines the allowable voltage 
per commutator bar and restricts the number of " lines '* or flux 
allowed to enter or leave an armature of a given diameter. 

The most obvious line of improvement in turbine-driven 
direct-current generators is in increasing the peripheral speed of 
^he armature. Steel alloys of very low magnetic conductivity 
2^ci high tensile strength used in the place of phosphor-bronze 
for the end shields of the armature will permit the adoption of 
considerably higher peripheral speeds than are now allowable. 
If We compare two machines of equal output and speed but with 
^iTnatures of different diameters in the ratio of i to 2, the arma- 
^vire with the larger diameter will be only one-fourth as long as 
^lie other; while with the same voltage for both the number of 
Conductors and segments will be doubled.* 

ALTERNATING-CURRENT GENERATORS. 

The design of alternators with revolving fields to operate at 
liigh speeds is not nearly so difficult as for commutating machines. 
Speed limits are usually determined by the strength of suitable 
materials for their construction. When it became the general 
practice to enclose high-speed generators in a sheet-metal casing 
and to adopt forced or artificial ventilation produced by small 
fans circulating air through the generator windings, it was 
possible to regulate the heating limit so that heavier overloads 
could be carried and for longer periods of time than was possible 
before. By this method the excessive noise of the early turbine- 
generators was, at the same time, eliminated. 
' For the windings of the revolving fields of high-speed alterna- 
tors, flat strap copper is used by most manufacturers. To make 
the field spools as small and compact as possible this strap copper 

* The voltage per segment is approximately inversely proportional to the 
peripheral velocity of the armature. 
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s coated irith a thin layer of enamel for insuUlion, 
i of the usual cotton covering. The necessity of m^ing 
the enefior suriaces of revolving fidds as smooth as possible is 
pataStf apfoeciated by designers. 



GENER.\TOR EITICIENCIES. 
Arange efficiencies of the best designs of altemating-cunent 
gcnermics intended for operation with steam turbines are given 
in tbe foUoH~ing table: 



SbMt Ftdi tdd c^tm^iir. 


Efficienej of 




PerCcol. 


5010.50 


00-93 




93-94 


joo I0900 


95 


1000 to .500 




JOOOI05000 


97 


ftscx) to 10,000 


98 



The efficiency of direct -current high-speed generators is about 
sue per cent, less than that of aiieroatois of the same capacity. 




APPENDIX. 

EXERCISES ON STEAM TURBINES. 

Exercise i. What is the velocity of steam discharging at the rate of 30o 
cubic feet per second through a nozzle having a cross-sectional area of 0.2 
square foot? Ans, 1000 feet per second. 

Exercise 2. If the steam discharging from the orifice mentioned in the 
preceding exercise weighs .0322 pound per cubic foot, how much energy 
in foot-pounds per second can this jet develop ? How much horsepower ? 

Ans. 100,000 foot-pounds per second. 181. 8 horsepower. 

Suggestion: From elementary mechanics we have the information that 
the kinetic energy K (sometimes called capacity to do work) of any moving 
fluid, such as steam, gas, or water, is 

ag 

where W is the weight of the fluid discharging per second, V is the velocity 
of flow in feet per second, and g is the acceleration of gravity or 32.2 feet 
per second. 

By definition (in English units) one horsepower is equivalent to 550 
foot-pounds per second. 

Exercise 3. If the vessel shown in Fig. 33 discharges 40 pounds of water 
per second at a velocity of i6i feet per second, what is the force (impulse) 
pushing the wooden block away from the vessel? Ans, 200 pounds. 

Also what is the force (reaction) pushing the vessel itself toward the 
left? Ans. 200 lbs. 

Exercise 4. If water is discharged against flat blades of a water wheel 
made up of vanes similar to the block shown in Fig. 33 (page 58) at the 
rate of 3.22 pounds per second at a velocity of 2000 feet per second and is 
spattered from the wooden blocks with a "residual*' velocity (leaving the 
vanes) of 300 feet per second, what horsepower is this water wheel capable 
of developing? Ans. 195,500 foot-pounds per second or 3555 horsepower. 

Exercise 5. Steam of the same density as in the exercise on page 28 
discharges at the rate of 1739 pounds per hour and produces a reaction 
against the plate into which the same nozzle is inserted of 45 pounds. What 
is the velocity of discharge? Ans. 3000 feet- per second. 

3(>3 
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Exercise 6. The area of a nozzle at its smallest section is .72 square inch 
and discharges steam at the rate of .2 pound per second, of which the specific 
voliune is 2.0 cubic feet per pound. 

(a) What is the velocity of flow? Ans, So feet per second. 

(jb) What is the magnitude of the force developed by the reaction of 
this jet? Ans, i pound (nearly). 

(c) What is the maximum value of the impulse produced by this jet if 
friction and eddy losses reduce the velocity effective for giving the impulse 
by 25 per cent.? Ans. .37 pound. 

((/) If only part of the velocity available in (c) is absorbed in driving a 
steam turbine, so that the steam leaves the blades with a "residual" veloc- 
ity of 10 feet per second, how many foot-pounds of work per minute are 
developed by the turbine? Ans, 652. 

(e) What is the horsepower equivalent of this number of foot-pounds 
per minute? Ans. .0198 horsepower. 

(/) If this turbine drives a small electric generator having an efl&dency 
of 80 per cent., what power in kilowatts will this generator develop? 

Ans, .0133 kilowatt. 

Suggestion: A kilowatt is a thousand watts, and 746 watts are equiva- 
lent to a horsepower. 

(jg) How much horsepower would be developed by this turbine if all the 
velocity as calculated in (a) is transformed into work ? 

(A) What is the efl&dency of the turbine ? 

Suggestion: Compare (e) and (g). If the velocity as calculated in (a) 
represents the total velocity equivalent of the available energy due to 
adiabatic expansion (constant entropy) then the answer to section (/r) is 
called the Rankine efficieticy of the turbine. 

Exercise 7. Calculate the horsepower developed by a steam turbine 
having two rows of moving blades. Upon the first row steam is directed 
at a velocity of 3000 feet per second and at the rate of 1.7 71 poimds per 
second. The steam is discharged from this row at a velocity of 1000 feet 
per second and is then directed upon a second row of blades from which it 
is discharged at a velodty of 200 feet per second. 

(a) Neglecting frictional and other losses, how much horsepower will 
this turbine develop ? Ans, 448 horsepower. 

(6) How much power would be developed if there is a loss of velodty of 
10 per cent, in each row of blades? 

Suggestion: Actual velocity effective in first row of blades is 2700 feet 
per second which is discharged at 1000 feet per second. Work developed 
in this row is 1.77 1 (2700^ — looo^) -7- (64.4 X 550) in horsepower. Simi- 
larly work done in the second row is 1.771 (900^ — 200*) -r- (64.4 X 550) 
in horsepower. 
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(c) What is the efficiency of the complete turbine when the losses stated 
considered? 

Suggestion: Efficiency is total horsepower calculated in (b) divided by 
tliat found by considering only initial velocity (3000 feet per second) as 
in (g) of Exercise 6. 

Exercise 8. (Use of entropy- total heat chart.) 

Steam at an initial condition of 165 pounds per square inch absolute 
3jid 100 degrees Fahrenheit superheat is expanded in a nozzle adiabalicaUy 
to 20 pounds per square inch absolute pressure. 

(a) How much energy (in B.T.U.) is converted into velocity? 

(6) If no losses are considered, what is the velocity in feet per second of 
Xhe discharging jet ? 

(c) If there are losses equivalent to 4 per cent, of the energy available, 
"what is the actual velocity of the jet ? 

(d) If the losses are equivalent to 2 per cent, of the theoretical velocity, 
what is the actual velocity of the jet ? 

Exercise 9. Steam at the same initial and final conditions as in Exer- 
cise 8 is reheated by friction in the nozzles and blades so that the entropy 
at the final condition is 1.7. How much energy is available for doing work? 

Suggestion: Reading from the entropy- total heat chart, the total heat 
contents of a pound of steam at the initial condition is 1242 B.T.U. and at 
the final condition after reheating is 1135 B.T.U. (expansion is not adia- 
batic) . Therefore, heat units available for work = 1 252 — 1 135 or 1 1 7 B.T.U. 

Exercise 10. A certain steam turbine having several stages takes steam 
initially at 165 pounds per square inch absolute and 100 degrees F. 
superheat and expands it to 20 pounds per square inch absolute in the 
first stage. Friction and the transformation of residual velocity into 
potential (heat) energy returns 30 per cent, of the available energy in an 
adiabatic expansion back to the steam by "reheating" at the final pressure. 
If now in the nozzles of a succeeding stage of the turbine the steam is 
expanded to 10 pounds per square inch absolute and reheated again by the 
same percentage at the latter pressure, how much energy (B.T.U.) is avail- 
able in each stage for performing work ? WTiat is the quality of the steam 
after each reheating ? 

Suggestion: In the normal adiabatic expansion from 165 pounds per 
square inch absolute and 100 degrees F. superheat to 20 pounds per square 
inch absolute the available energy is 1252 — 1085 or 167 B.T.U., of which 
30 per cent, or 50.1 B.T.U. go to reheat the steam. The total heat con- 
tents of a pound of steam after reheating becomes then 1085 + 50.1 or 
1 13 5. 1 B.T.U. For the second stage the expansion is from 20 pounds per 
square inch absolute pressure and a total heat contents of 1135.1 B.T.U. 
(quality about .975) to 10 pounds per square inch absolute, making the 
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available energy for adiabatic expansion 1135-1 ~ 1087 or 48.1 B.T.U 
perpound. The reheating is 30 per cent, of this or about i4,3B.T.y. 
when added lo 1087 gives logi.j B.T.U. as the total heal contents of the: 
steam when passing into the noazles of the nest succeeding stage. At this 
condition the quality of the steam is about .949. 

In actual designing the reheating in the last turbine is not considered 
available, as will be observed in the design worked out on page 87, TTie 
reason for this is that a very large piart of the reheating in the stages other 
than the last b due lo the changing of the residual velocity of the steam 
as it leaves the blades into potential (heal) energy. This has been dem- 
onstrated by actual experiments which show that the steam enters the 
nozzle of an impulse wheel in every stage with practically negligible velocity. 
In the last stage the conditions, however, are diilerent. The steam here 
leaves the blade with its residual velocity unchecked and passes off into 
the large exhaust passages provided for its unimpeded flow. 

Exercise 11. A turbine Lladc like the one shown in Fig. 43 moves with 
a velocity of soo feet per second due lo a steam jet passing over it which 
has a velocity of j3io feet per second. If friction losses in the blade are 
not considered, and the weight of steam flowing per second is 1 .0642 pounds, 
o is JO degrees and fl = y = 45 degrees, what is the total impulse force 
to which the blade is subjected in the direction of its motion (see page 70}? 

Suggestion: Since losses in the blades are neglected V,i = l',j and Y,i = 
v'IV-1- IV-j I'trjcoso (Law of Cosines) - 

All the terms in this equation are known so that Kri or Tri can be calcu- 
lated. 

Exercise u. Taking the necessary data from the preceding exercise, 
state the proper angle for the backs of the blades (see Figs. 49 and 50), 
for the steam to enter without loss due to impact and eddying. (See page 
68.) 

Exercise 13. Explain the t-ssenlial principle of operation of Hero's 
engine. Indicate clearly in a hgure the direction oF rotation of this engine 
with respect to the direction of steam discharge from the nozzles. What 
is the difference in principle between Hero's engine and Branca's? 

Exercise 14. Explain the actual difference between the commercial types 
known as impulse and reaction turbines. 

Exercise 15, Why have the stationary blades or buckets shown in 
figures like 39, page 63b, a curvature in the opposite direction to that of all 
ihc moving blades? 

Exercise 16. Why is the rotation loss when stated in per cent, of rated 
output less for a large size turbine than for a relatively small one? 

Exercise 17. Design a nozzle, showing all the important dimen^ons, 
for expanding steam from the initial condition of 165 pounds per square 
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inch absolute, and 100 degrees F. superheat to a final condition of 4 pounds 
per square inch absolute. Assume that the nozzle loss is 3 per cent, of the 
velocity and that the rate of flow is to be iV pound per second. (Sec pages 

93-95) 

Exercise 18. Steam expands in the noezles of a simple unpulse turbine 
from 165 pounds per square inch absolute to i pound per square inch 
absolute (about 28 inches vacuum). Draw velocity diagrams, allowing for 
no losses, and determine the proper blade angles when equals 7. The 
nozzle angle is to be, as usual, 20 degrees and the peripheral speed of the 
blades or buckets is 1200 feet per second. 

Calculate the energy absorbed or given up to the blades or buckets jwr 
pound of steam as well as the steam consumption of the ideal turbine 
(theoretical water rate) and the steam consumption of this turbine as ilo- 
termined from the energy absorbed by the blades or buckets. 

Sketch with a reasonable degree of accuracy the outlines of the blades or 
buckets. 

Exercise 19. Recalculate and redesign the blades for the conditions 
given in Exercise 18 when the nozzle loss is 3 per cent, of the theoretical 
velocity developed and the blade losses are obtained from Fig. 51, jKige 85. 

Observe and discuss the change in blade angles caused by including the 
losses in the design. 

Calculate (i) the work done in foot-pounds per second per jwund of 
steam; (2) the steam consumption per horsepower-hour and the efilciency 
of the turbine. 

If the speed of the turbine is 20,000 revolutions per minute, find the 
diameter of the mean blade circle. 

If five nozzles are used for a maximum load of 50 horsepower, find the 
diameter at the throat of each of these nozzles, assuming they are all of the 
same size. 

Exercise 20. Make the necessary calculations and draw velocity diagrams 
and neat sketches of the blades for an impulse turbine having two pressure 
stages and two rows of moving blades, that is, two velocity stages in each 
pressure stage, for the following requirements: 

The initial pressure of the steam supplied to the turbine is 165 pounds 
per square inch absolute and is expanded in the first set of nozzles to 20 
pounds per square inch absolute. In the second set of nozzles the pres- 
sure falls from 20 pounds ixir square inch absolute to 2 pounds per square 
inch absolute (about 26 inches vacuum). The nozzle angles are 20 degrees 
and the peripheral speed of the blades or buckets is 500 feet per second, the 
nozzle loss is 2 per cent, of the theoretical velocity, and the blade losses are 
to be taken from Fig. 51. Assume that the windage, leakage, and bearing 
losses amount to 30 per cent, of the energy developed by the action of the 
steam in the blades. 
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ol the tmbinc is lA be for loo horst^wer at 1800 r.pjii. 
Cmuie U>c Dumber of buckets and the height of the buckets for th ' 
fiist row io fhe btst stage and for the last row in the second stage. 

ObsM\-c that the height of the blades for the first row in each stage b 
dctcnniDcd by the height ot the ooszles which discharge into the blades. 

Efrtrisr n. I>esign the blading of a reaction turbine for the same con- 
<filiaB ^vta ta tbe secoud exercise or pagt 108, cxo^pl that the initiil 
stmn pnsurc is to be 165 pounds per square inch absolute, and the final ' 
pnasure t pound per square iodt absolute. 

Esrrtur 11. Design a combined impulse and reactioD turbine, taking 
ihr geoenl dktt tlte sune as for the preceding exercise and the expansion | 
hi the- impube wcuon to be from 165 i»uiids per square inch absolute to 
40 puuDrtts per square inch abscdute. The expansion in the reaction blading 
is tn he from 40 pounds pet squue inch absolute to i pound per square inch 
abeolute. 

Sketch the bhdcs for the impulse section, assuming there arc two velodtv 
stages, tatd also the Uades for the first and last stages in the "reaction 

Enrcur jj. Detennine the velocity loss in feci per second in a noule 
having 08 per cenL effidenc>- at its Pfpptr eipansioti, which is from Uj 
pounds pw square inch absolute pressure to i8 inches vacuum (referred M 

JO inches bamnicttr' ivbrn i.;se;) for 

(11 165 J" ■ ■ ■ - 1 "■ iiK'i :il)-iululc and ;q inches vacuum. 

(1) Q pounds per square inch absolute and 36 inches vacuum. 

State also the corresponding energy loss in B.T.U. per pound ot steam 
in each case, and by what percentage the efficiency of the Rankine cycle 
will be affected. By what percentage would the steam consumption of a 
commercial type of turbine be aftecied? In all cases mentioned the steam 
is initially dry saturated. 
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Wilkinsoo. ........ , .. ijS-140 

GrBshofsUw for flon- of slrara. . . . . . . ...... , 15-31 

HamiJUin-RoUwBrth lurhinc 3c>4,iai 

Heal (fiagiam, entropy Appcnifi" 

applied to desiffn ........... .... 87 

Heal theory-. . . , jo-i 

H«l unils 13 

Heat, mechanical equivalent of tj 

ip»^i^ la, 13.54-56 I 

Hero's turlnne . ..... .... 4,! 

Horac-power, internal or indioled , .. iji ■ 

conversion table for kibnults to brake M ' 

ImpuUe turbinM. 61-^7 

and reaction, combined (WesUngbouw).... 173-1S1 

blade dedgn ............ .......... Sl-95 

blade efldcienry , . ...................... ..,,. 69-77 

blade losses. .................................................. 84-8J 

comparison with reaction turbines... .............. ............ 108 

distinguished from reaction.. ... . ...................... 58-61 

shape of blades 61 

Initial velocity of steam 16 

Injeition water (see Condensing water). 

Intermediate (^lalionan') blades. 64, 181 

Jcls, impulse and reaction of .....,.......i... 5B-60 

Kerr turbine ail-si4 

governor "3 

Kiloualls, conversion uf, to brake horse-poner. . .......... .......... 386 

Knolitauch and Jakob's stjecitic heat of superheated steam 54~56 

Labyrinth packing 156, 167, tot, »09 

Last he's mclliod for rotalion losses ................... 131-II4 

Leakage of steam through blades ....... iij 

through diaphragms 8;, 115, 115, 104 

I/isses in a turbine 85, 9», 115-135,151 

in a De Laval turbine, analysis IK» 
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Low-pressure turbines • 247, 258 

accumulators for • •••••••• 25 1-254 

combined with gas engines 258, 291 

steam consumption of « 251, 254-257 

Lubrication of turbines 306-31 1 

cost of oil required 291 

of Curtis turbines 311 

Maintenance and operation 290-291 

Marine turbines 249-250, 259-260 

designing constants 97 

working with reciprocating engines 249 

Materials and permissible stresses in turbine disks 337 

Mechanical equivalent of heat 13 

losses in turbines 1 15-125 

Mixed pressure tuiiHnes 258a 

Moisture correction for rotation losses 118 

Motion, absolute and relative 68-69 

Multicellular turbines 195-202 

Napier's formula for flow of steam 29-30 

Non-expanding nozzles 47, 50-51, 173, 196 

Nozzles: 

area of 30-41,53 

design of 29-57,94 

efl5ciency 49-50 

examples of 27 

expansion ratio 36-41 

expansion wedges in 217 

flow of steam through 29-33, 42-45, 52 

length of 46-47 

non-expanding 47, 50-5 1, 1 73, 196 

types of 3, 27-28 

losses in 49-50 

Oil pump, Westinghouse rotarj' 309 

Oiling systems 306-3 1 1 

Curtis 311 

Over- and under-expansion in nozzles 49-50 

Packing glands • 158 

Parsons turbines 6-9, 1 53-1 72 

bearings 8, 164 

blades and lashing 158 

design of 95-106 

governors and valve gears 233-234, 245 

histor}' 6-9 

manufacturers of 167 

number of stages 97, 165 

pressure diagram (indicator) 235 

shroud rings 161 

speeds of 
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QuaJily of Steam. 34-39 

RkokiDc cycle efficiency iS, 93, aji, 364, 368 

Raleau acromiilalor -.. — 251-ijl 

Rateau mullirellular lurbine<i. igj-iM 

dlaj>hragms ifA 

governor tests 145-146 

tow pressure joi 



tests on. >55-i69 

Reaaion of jets S^t-^o 

Reaction turbine 67 

blade design 95->o6 

blade efficiency 77-80 

blade losses 84-85 

distinguished from impulse 61 

Relative velocity 68-69 

Riedler-Stumpf turbines loj 

Rings, stresses in 3'4-3t6 

Rosenhain's tests on flow of steam 47 

Rotation losses 115-1*5 

factors to correct for superheat wnd moisture 1 18 

Rotots, stresses in 3'S~3»o 

Screw turbine 9 

Shroud rings 161, 185 

stresses in 314-316 

S|)a< e occupied by engines and turbines 199-304 

S] larking limit of generators 35S 

Rpecifir heal . II 

of superheated steam 13 

Spei ific volume of sujierheated steam S3i 99 

S|K?ed of turbines, effect on economy and output 138, 984-385 

Stages of turbines 64-65 
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Stages of turbines — Continued 

leakage between 85, 115, 125, 204 

Steam turbine economics 373-312 

Steam turbines: 

compared with steam engines i, 13-17 

cost of •. 291-294 

Step-bearing of Curtis turbines 187 

Stodola's experiments with nozzles 48-50 

Stresses in rotating rings, drums, and disks 3i3"338 

at right angles 320-322 

Sturtevant turbine 207-21 1 

bearings ^ 210 

buckets * 207 

nozzles 208 

velocity stages 210 

wheels 211 

Superheated steam corrections for economy curves 126-136, 287 

effect on economy 281-284 

flow through nozzles 5^~53 

specific heat of 55~56 

specific volume of 53, 99, 1 18 

total heat of 271 

Taper of De Laval nozzles 46 

Temperature-entropy diagrams I7~S7 

Temperature lo-ii 

absolute 11 

Terry turbine 214-216 

Tests on turbines 132-139, 261-271 

Thermal units, definition of 12 

basis of performance 270-271 

Thermodynamic efficiency 271-272 

Thermometer correction : n 

Thrust, end, in Parsons turbine 1 56 

Torque line 138 

Total heat of superheated steam 271 

Types of steam turbines 58-62 

Vacuum, condensing water required for 275, 280 

corrections for economy curves 1 26-136, 278, 280 

effect on engine and turbine economy 273-281, 288 

most profitable 273 

Vanes (see Blades). 

Velocity, absolute 68-69 

diagrams 63, 66-70 

relative 68-69 

Velocity of steam: 

calculation of 24, 26 

stages 64, 74, 1 73, 210 
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Volume, specific: fagb 

at high vacuums (table) •••.••••••• • 277 

of superheated steam 53i99 

Water-packed glands 157, 158, 209 

Water-rate curves 262 

Westinghouse oil pump '. 309 

Westinghouse impulse and reaction turbines 173-181 

adjustment bearing •• 175 

advantages of 181 

blades of impulse section 173 

emeigency speed limit • 177-180 

nozzles and nozzle block 177-178 

reduction gear 260a 

velocity stages 173 

Wcstinghouse-Parsons turbines 165-166 

auxiliary admission valve (overload) 234 

bearings 164 

blades and lashing 159 

governor and valve gear 233-234, 245 

indicator diagram 235 

tests on 133-136, i7i» 25s, 267-26(^271 

water-packed glands 157-158 

Wilkinson turbines 202, 204 

governor and valve gear 202 

stage packing 204 

Willans and Robinson turbine 161 

Willans lines 99, 1 24 

Zoelly turbines 205, 206 

blades of ^ 206 

governor 245-246 

nozzles 205 

tests on 270 

wheels •••• • 206 
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